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ABS TRACT 


1. Goldfish (Carasstus auratus) and white sucker (Catostomus 
commersont) liver glucose-6-phosphate dehydrogenase (G6PD) exhibited 8 
to 30 times the activity of northern pike (Zsox luctus) G6PD assayed 
under similar conditions. Liver 6-phosphogluconate dehydrogenase (6PGD) 
activity of goldfish and white suckers was at least twice that found in 
northern pike. 

2. The activity per gram liver of GOPD from northern pike was 
slightly (20%) higher in winter than in summer caught fish, while sucker 
liver G6PD activity showed no changes in winter vs. summer caught fish. 
No consistent temperature acclimation-dependent differences in G6PD 
activity of goldfish liver were observed. 

3. G6PD activity from all three species was stronzly inhibited 
by NADPH (Ki ca. 18-46 uM). 

4. No differences in Michaelis constants (Km) of GoPD and 6PGD 
were observed in winter vs. summer caught pike and suckers, or in cold- 
(2 C) vs. warm- (20 C) acclimated goldfish, suggesting that no isozymic 
changes occurred in these enzymes due to temperature acclimation or 
season in the three species of fish examined. 

5. The Km(G6P) of goldfish and white sucker G6PD exhibited 
extensive positive thermal modulation (ca. 100 to 38-50 uM) between 22 C 
and 2 C, while at temperatures below 2 C, negative thermal modulation © 
occurred in the white sucker enzyme. The lowest Km(G6P) for all three 
species was similar (38-50 uM) and occurred at iow (2-3 C) temperatures. 
The Km(NADP) for sucker and pike G6PD was 14-15 uM and 20 uM, 
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respectively, and was unmodified by temperature, indicating that 
temperature compensation does not occur by significant reductions in the 
Km values of the rate-limiting factor, NADP?. 

6. The Km(6PG) of 6PGD was insensitive to temperature modulation 
over a 20 C range, and exhibited similar values (ca. 30-40 uM) in all 
three species. 

7. Arrhenius plots of liver G6PD from all three species were 
non-linear between 22 C and 2 C, with higher energy of activation values 
at lower temperatures (5-2 C for goldfish and suckers; 12-2 C for pike). 
Arrhenius plots for sucker and pike liver 6PGD were linear over a 20 C 
temperature range, but goldfish liver 6PGD exhibited a non-linear 
Arrhenius plot similar to G6PD. 

8. Liver tissue showed the highest pentose phosphate pathway 
dehydrogenase (G6PD, 6PGD) activity, as well as high malic enzyme, 
NADPt-dependent isocitrate dehydrogenase, and alpha-glycerophosphate 
dehydrogenase activity, suggesting that the liver is the primary organ 
of de novo lipogenesis. Pike liver, however, had no detectable malic 
enzyme activity. 

9. Muscle tissue from all three species had high NADP*-dependent 
isocitrate dehydrogenase activity, and low G6PD, 6PGD, and malic enzyme 
activity. 

10. An examination of the temperature-dependent properties of 
the pentose phosphate pathway dehydrogenases suggests that, on an 
immediate or seasonal basis, only a minor amount of rate compensation for 
temperature takes place. Previously reported increases in pentose 


phosphate pathway utilization in carbohydrate catabolism during cold- 
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acclimation do not appear to have been the result of any temperature- 


dependent properties of the pathway dehydrogenase enzymes. 
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ABBREVIATIONS 


Enzymes 


G6PD glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate:NADP* 


oxidoreductase, .8.Ge sll. 49) 
6PGD = 6-phosphogluconate dehydrogenase (6-phospho-D-gluconate:NADPt 
oxidoreductase, (decarboxylating), E.G. 1.1.1.44) 
ME = malic enzyme (L-malate:NADP+ oxidoreductase (decarboxylating), 
BCeet otk 40) 
ICD = NADPt-dependent isocitrate dehydrogenase (threo-D,g-isocitrate: 
NADP+ oxidoreductase (decarboxylating), E.C. 1.1.1.42) 
aGPD = alpha-glycerophosphate dehydrogenase (L-glycerol-3-phosphate:NADt 


Oxadoreductace.vi.C.g i) leo) 


Substrates and Coenzymes, etc. 


G6P = glucose-6-phosphate 
6PG = 6-phosphogluconate 
aGP = alpha-glycerophosphate 


NADt+/NADH = oxidized/reduced forms of nicotinamide-adenine dinucleotide 

NADP+/NADPH = oxidized/reduced forms of nicotinamide-adenine dinucleotide 
phosphate 

EDTA = ethylenediaminetetraacetic acid 


PP pathway = pentose phosphate pathway (hexose monophosphate shunt) 
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INTRODUCTION 


Much of the interest in temperature acclimation by fish 
physiologists stems from the work of Hochachka and Hayes (1962), in which 
it was shown that, in brook trout (Salvelinus fontinalts), there was a 
"metabolic reorganization" during cold acclimation, during which the 
utilization of the pentose phosphate pathway (PP pathway) in carbo- 
hydrate catabolism was proportionally increased. In addition, cold- 
acclimated fish showed a proportional increase in the incorporation of 
14C¢-acetate into lipid. They concluded that cold acclimation favored 
extramitochondrial pathways, particularly those related to lipogenesis. 
Similar conclusions were reached by Ekberg (1958) and Kanungo and 
Prosser (1959) based on the effects of metabolic inhibitors on the 
respiration of tissues from warm- and cold-acclimated goldfish, Carasstus 
auratus. 

The above studies suggested that proportionally increased use of 
the PP pathway might be a general phenomenon in cold-acclimated fish, 
with a common molecular basis. The two enzymes of the oxidative portion 
of the pentose phosphate pathway, glucose-6-phosphate dehydrogenase 
(G6PD) and 6-phosphogluconate dehydrogenase (6PGD), may have evolved 
adaptive properties which could account for the above changes during 
cold acclimation. The former enzyme controls the entry of G6P into, and 
flow through the pathway (Greenbaum et al., 1971). The latter enzyme 
(6PGD) increased in activity in crucian carp during cold acclimation 


(Ekberg, 1962). 
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The proportionally increased use of the PP pathway during cold 
acclimation is presumably to supply reducing equivalents (NADPH) for 
increased lipogenesis. In mammalian tissues, the pentose phosphate 
pathway accounts for 60% or more of the NADPH required for lipogenesis 
(Flatt and Ball, 1964), and the activity of the pathway dehydrogenases 
(Pande et al., 1964) and carbon flow through the pathway (Greenbaum et 
al., 1971) have been positively correlated with the rates of de novo 
lipogenesis. Evidence for increased lipogenesis in cold acclimation 
comes primarily from the work of Knipprath and Mead (1968) on goldfish 
and the work of Dean (1969) on rainbow trout, Salmo gatrdnert. 
Unfortunately, our knowledge of de novo lipogenesis in fish, particularly 
its enzymology, consists primarily of the assumption that it is similar 
to mammalian lipogenesis. 

A primary reason for increased lipogenesis during winter 
acclimatization is undoubtedly the production of new membrane lipids 
which are better suited for the maintenance of membrane structure and 
function at low temperatures (Knipprath and Mead, 1968). However, 
increased lipid synthesis for energy storage (see reviews by Love, 1970; 
Shul'man, 1974) and/or gonad development must be considered, particularly 
in naturally acclimatized animals. Das (1967) has shown that, during 
cold acclimation, there is increased RNA synthesis in goldfish liver 
and muscle, and the PP pathway may also be important in supplying pentose 
sugars for this process. Furthermore, changes in metabolic organi- 
zation, such as increased lipogenesis, which appear to be brought about 


strictly by cold acclimatization, may not be clearly separable from 


Wee gheiub Yeiaeg TT oto 2) seu boaivorgat ¢bivnorsiogoxe ad? 
102 cweany) gonelovinps grioubss etna on ¢idemusesq at 
etureaany . Saisie 93 ganealt ne twine nl .vtavesgogil 
etebasgogt? 202 buxtupss Fda" ort 30 axon 6 £00 ‘sot e@7nueDss 
aevemugerbyish ysstiosg oft to ysivisvs add dae Got wise to 


- 
Cw 


=_— 
Bs - > 


lL ~~. oe 


v 


t® mondhesto) yew sbg eno ‘tiguosdd “ols nodgeo bas (se@! ,-Is. 38 
5 


46N Mb So an5d7 ano diiwpsisferins Ylsvatadg need oveil (LTER ae 
pushed Pits ot wheedseganil beusosont 107 sonsbivd eleom ‘7 
detihlog no (Beer). beat firs iat tle ¥o dtow oft mott “livestze eens 
aroh Sig om se rders. wodrter no (PS0L) aged 26 sew eof R 
yiselugigipg . fet? nt stesnogegtt ov Sp “to sabe ive, 7a Uorenadls om 
traligie at 1 ok aottqaitrezs 9112 tO yitwam itq esetenso .\ygoLomyaas : 
-eivonagaghi on Lae ER 
tstnlv girls: b abeensgogsl beetarprt 10? ceansd plamizg A. FS 
_ abratt sratdmat Woh 36 nolbssubosg 407 lhe duobiy ak rotsestteal isos 
baa Sxsioutbe snare 30 Sonfineinien S43 toi filed Beviet t4ided sé 33 
Jrevewonh .G660L , best bos sisaqegiot) eszutaseqmp2 vol ja Aol - F 
1OVOl  javed Cd uwetves 993), sg9e104a yeveneixe? aleeritiye bight te 
yisaiin dere | berubieios ad seem Jusmqdlevsd baatg ro\bae (oT ef owt? Lal 
gntiub .sets «wore sail (T4er}. ond , alsmtoa bon biahioon uiiei? ‘ 7 
revel nettitog at etesdinye ang ‘beensiami * tosis soisenssos & fe 
iia a sddiok ak aah oe wight hn lphtinay 14 Ws tte ae 
ge tape: eRFodi et at angnets \osciriadend) “Leaner dias + ‘ 


| baal te ery dohiw.y apa 


those changes caused by reproductive cycles. 

The molecular mechanisms involved in a shift towards a 
proportional increase in PP pathway participation in carbohydrate 
catabolism during cold acclimation have not been adequately studied, 
although much has been learned in recent years about the molecular 
mechanisms of temperature compensation and acclimation (Hochachka, 1967; 
Hochachka and Somero, 1971, 1973; Hazel and Prosser, 1974). Most of the 
work, however, has concentrated on laboratory acclimated animals, rather 
than animals acclimatized in their natural environment. It has been 
demonstrated (see reviews cited above) that poikilotherms often use 
enzymic mechanisms to compensate for changes in the kinetic energy of 
their environment. These mechanisms of temperature compensation may 
always be present, thus allowing for instantaneous as well as seasonal 
compensation, or they may develop only after periods of acclimation or 
acclimatization. Even if molecular mechanisms for rate compensation are 
continually present, they may only be utilized at certain times of year 
in the animal's natural habitat. The enzymic mechanisms or strategies 
used for this temperature compensation may be classified as: modulation, 
in which the reaction rates of enzymes already present in the cell are 
changed by temperature, metabolites, pH, ions, etc.; quantitative, in 
which the concentration or total quantity of pre-existing enzyme types 
is increased; and qualitative, in which the types of enzyme in the cell 
are changed (Hochachka and Somero, 1973). 

In 1973, Hochachka and Hochachka showed that cold-acclimated mullet 
fish (Mugtl cephalus), a subtropical species, produce an isozyme of 


glucose-6-phosphate dehydrogenase not present in significant amounts in 
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warm-acclimated fish (qualitative strategy). This G6PD isozyme showed 
temperature-dependent substrate, coenzyme, and inhibitor kinetics 
(modulation strategy) which might account for or facilitate proportion- 
ally increased PP pathway utilization in cold-acclimated fish. However, 
such isozymic changes with cold acclimation are unusual in a non-salmonid 
species, stch as’ the’ mullet’ (Somero, 1lO75a) > “Furthermore, if 
proportionally increased utilization of the pentose phosphate pathway is 
a necessary adjustment for survival in cold-acclimated fish, then one 
would expect the enzymic mechanisms causing this shift to be best 
developed in those fish which must seasonally adjust to cold temperatures 
in nature, such as north temperate freshwater species, rather than in 
laboratory acclimated, subtropical marine species. | 

Therefore, the present study examines the temperature-dependent 
activities and kinetics of the enzymes of the oxidative portion of the 
pentose phosphate pathway in tissues from natural, north temperate 
populations of white suckers (Catostomus commersont) and northern pike 
(Esoxn luctus), and from a laboratory population of goldfish (Carasstus 
auratus). Northern pike and white suckers were chosen because of the 
distinct differences in their life styles, as well as their availability 
at ditferent times of the year. The northern pike is’ a predator,” feed— 
ing primarily on other fish, while the sucker feeds along the bottom on 
aquatic invertebrates, etc. (Scott and Crossman, 1973). The goldfish 
were chosen as a laboratory species because of the extensive literature 
on cold acclimation which exists for this animal. 

Liver PP pathway enzymes were the most thoroughly studied, since 


the liver appeared to be the primary organ of lipid storage (Tashima and 
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Cahill, 1965) and of de novo lipogenesis (Tashima and Cahill, 1965; 
Kluytmans and Zandee, 1974), and the G6PD reaction was particularly 
emphasized, since it controls the pathway (at least in rat liver, 
Greenbaum et al., 1971). However, other tissues and enzymes were examined 
briefly to confirm that the liver was important in lipid metabolism, and 
to more completely assess the sources of reducing equivalents for lipo- 
genesis. Lipid content in whole goldfish and white sucker tissues and 
glycogen content in goldfish tissues were also determined to complement 
the enzyme studies. 

The following questions were asked: 

1. What are the strategies or mechanisms used, if any, to 
compensate for changes in PP pathway dehydrogenase activity brought about 
by the 22 C range of environmental temperatures to which these fish are 
exposed annually in their natural habitat? Do the temperature-dependent 
properties of the enzymes studied suggest that there is any "seasonal 
metabolic reorganization" which would result in a relative increase in 
carbon flow through the pentose phosphate pathway, and which would be 
indicative of proportionally increased rates of lipogenesis? 

2. What are the patterns of lipogenic and NADPH generating 
activity in various tissues of the different species of fish? What do 
these patterns suggest about the function of G6PD, 6PGD, malic enzyme, 
isocitrate dehydrogenase, and alpha-glycerophosphate dehydrogenase in 
these tissues, and the potential significance of each tissue to de novo 


lipogenesis? 
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MATERIALS AND METHODS 


A. ANIMALS 


Common goldfish (Carasstus auratus Linnaeus) weighing from 6 to 
20 g were purchased from the Grassyfork Fisheries Company of Martinsville, 
Indiana. Upon arrival at the University of Alberta, fish were maintained 
IneioUel tankssat 20°C (23 °C) Ufor at least 4 weeks prior to transfer to 
colder temperatures. Animals to be cold-acclimated were transferred to 
a cold room (8-12 C) for 2 to 4 weeks and then moved to various 
refrigerated rooms (1-4 C, depending on the room), with a photoperiod of 
2-6L:22-18D. The photoperiod for the warm-acclimated fish was approx- 
imately 12L:12D in winter and 14L:10D in summer. 

Cold-acclimated animals were kept in groups of 5 to 16 in 19 or 
54 1 tanks. Both warm- and cold-acclimated fish were maintained in 
demineralized water containing 0.1% Seven Seas Marine Mix Salts (Utility 

\ 
Chemical Coe, Paterson, N.J.) andi0.224 Fish Grade Tris:Burter pH /.4 
(Sigma Chem. Co., St. Louis, Mo.). The pH of the buffered water 
increased at lower temperatures, and was approximately pH 8.0 at 2 C. 
The bottom of each tank was covered with a layer of activated charcoal to 
adsorb noxious materials. 

Goldfish were fed with SeRa Goldy (SeRa Co., West Germany) or 
Tetramin Staple Food (TetraWerke, West Germany). For warm-acclimated 
fish, minimum daily food levels were approximately 1% of the fish biomass 
in each tank. Fish held at lower temperatures were fed one-half of this 


amount or less, but always in excess, as indicated by food particles on 
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the bottom of the tank the following day. In some experiments (see Table 
8), cold-acclimated fish were not fed. 

Specimens of white sucker (Catostomus commersont Lacépéde) and 
northern pike (Bsox luctus Linnaeus), weighing approximately 1,000 g 
(range 738-1,387), were collected in March (winter-caught fish) and July 
(summer-caught fish) by gill netting from Lac Ste Anne, a shallow 
eutrophic lake, located approximately 80 km northwest of Edmonton, 
Alberta. Only fish that appeared freshly caught were used. A few 
specimens were collected in late April (1974) and early May (1975) during 
their spawning migration in a temporary stream draining into Lac Ste 
Anne. 

When the lake was ice-covered in March, the water temperature was 
0.6 C (0-1 C, depending on the depth). In April (1974), water temperature 
of the temporary stream was 3-4 C, and in May (1975), it was 10-11 C. 

The water temperatures of Lac Ste Anne range from 16.5-22.0 C in July 
(Medford, 1976; Mackay and Beatty, 1968). Oxygen levels in Lac Ste Anne 
Eange: Eromsabouts.9 5) ppmiin wJuly .to <2 .6uppm in March -Glanger, .1974)-,.and 


are probably not stressful to either species. 


B. TISSUE PREPARATION 


Goldfish were stunned by a blow on the head, decapitated, and the 
liver or muscle (white epaxial muscle) removed and weighed immediately. 
Tissues from 3 to 5 goldfish of either sex were pooled and treated as 
described below for sucker and pike tissues. 

Goldfish liver is a rather diffuse organ, consisting of a large 


anterior mass which is associated with the gall bladder, and several 


posterior sections lying along the digestive tract. Fat cells may be 
integrated with the liver, especially posteriorly. In addition, the 
pancreas is not easily distinguished macroscopically from the liver. 
Hence the liver preparations used in this study not only included 
hepatic tissue per se, but also adipocytes and pancreatic tissue. Some 
effort was made to standardize the liver preparations by taking 75-85% 
by weight of the sample from the distinct anterior hepatic tissue mass. 

For sucker and pike preparations, animals were removed from the 
net, killed by a blow on the head, and placed on ice. Tissues were 
removed within one hour and placed on dry ice for transport back to the 
laboratory. 

Pike liver samples consisted of the most posterior 3 cm portion. 
Sucker liver was sampled in a manner similar to goldfish liver. Muscle 
samples (white epaxial muscle) were removed from the 5 cm area approx- 
imately 3-8 ém posterior to the head. 

Immediately upon return to the laboratory, tissues from 2 to 5 
white suckers and northern pike were pooled. For sucker and pike homo- 
genates, only tissues from male animals were used. The samples were 
diluted with 3 to 10 volumes of ice-cold 5 mM EDTA solution, then 
homogenized for 2 minutes with a motor-driven teflon-glass homogenizer 
(Thomas & Co., Phila.), which was placed in an ice bath. The homogenate 
was filtered through a layer of cheesecloth and centrifuged; 10,000 x g 
at 0 C for a minimum of 20 minutes in a Sorvall RC-2 refrigerated 
centrifuge (Sorvall & Co., Norwalk, Conn.). The supernatant fraction 
was then recentrifuged at 18,060 x § for a minimum of 45 minutes; and the 


supernatant fluid from this centrifugation was diluted, if necessary, 
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and stored in 2-3 ml batches at -20 to -30 C until used. No further 
purification of the enzyme was attempted. This preparation will hence- 
forth be called the homogenate. 

In retrospect, homogenization of the tissues with hypotonic 
5mM EDTA solution was a poor choice, since it probably resulted in the 
rupture of cell organelles and consequent release of organelle enzymes. 
Some of these enzymes, such as NADPH-cytochrome c reductase and NADPH 
oxidase utilize NADPH and thus may interfere with the dehydrogenase 
assays (see Appendix VII). Furthermore, catheptic enzymes may have been 
released from the ruptured lysosomes, resulting in protein denaturation. 
Nonetheless, it should be recognized that homogenization media which 
provide an isotonic or buffered environment, while superior to hypotonic 
solutions, do have disadvantages as well. For example, both sucrose 
(Gerhardt and Beevers, 1968) and Tris-HCl buffer (Gellert et al., 1959) 
have been reported to interfere with some of the modifications of the 
Lowry protein determination (Lowry et al., 1951), although sucrose does 
not appear to interfere appreciably with the unmodified Lowry method 
used in this study (Bonitati et al., 1969). Homogenization with isotonic 
KCl would present difficulties in assessing the effects of ionic strength 


on enzyme activity (Appendix I). 


C. ENZYME ASSAYS 


Enzyme activity in the homogenate was assayed by recording the 
reduction of NADP? (or NAD‘) as shown by the increase in absorbance at 
340 nm using a Hitachi-Perkin Elmer 139 UV-vis spectrophotometer. To 


achieve temperature control, the cuvette chamber was attached to a Lauda 
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K-2/R Temperature Controller filled with ethylene glycol. The tempera- 
ture of the solution in the cuvette was measured before and immediately 
after each assay with a YSI telethermometer probe (Yellow Springs 
Instrument eal. Ohio), and recorded to the nearest 0.1 C, interpolating 
when necessary. For each determination of kinetic constants, the mean 
temperature of all the individual cuvette assay temperatures was con- 
sidered to be the true assay temperature for the constants, and is 
reported as such in all later figures and tables. Individual assays 
which were not within +0.3 C of the mean temperature were discarded. 

Preliminary work with the dehydrogenases indicated that, at the 
homogenate concentrations used, the reaction rates were linear for a 
minimum of 2.0 minutes (Fig. 1, Appendix VII). Proportionality was 
observed for all enzymes, using a two- or threefold range of homogenate 
concentrations (Fig. 2, Appendix VII). The pH optima for the gold- 
fish dehydrogenases were determined at 22 C with Tris-HCl buffer (100 mM) 
(Fig. 1A, B, Appendix I). The pH values of the buffer solutions were 
determined to 0.005 pH units with a Beckman Research pH meter which was 
Standardized each time it was used. 

Far all enzyme assays, a 3.0 ml volume was used in a cuvette with 
a lcm light path. An extinction coefficient of 6.22 x 10? liter mole! 
em-! was used for all calculations (Kornberg and Horecker, 1955). 

All organic reagents used in the enzyme assays were purchased from 
Sigma Chemical Co., St. Louis, and were of the highest purity available. 
All substances used were sodium salts. Other chemicals were of reagent 


grade, and were purchased from Baker, Mallinckrodt, and Fisher. 


The glucose-6-phosphate dehydrogenase (G6PD) assay mixture 
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routinely employed in this study contained (final concentrations): Tris- 
HCl buffer (100 mM, pH 8.0, temperature adjusted); MgCl> (10 mM); a 
saturating concentration of NADP (0.4 mM); and varied concentrations of 
homogenate and D-glucose-6-phosphate (G6P) (Glock and McLean, 1953; 
Kornberg and Horecker, 1955; see Appendix II). NADP* concentrations 
were varied when the Km(NADPT) and Ki(NADPH) were determined. The 6- 
phosphogluconate dehydrogenase (6PGD) assay mixture was identical except 
for a saturating NADPt concentration of 0.3 mM, and the substitution of 
6-phosphogluconate (6PG) as substrate instead of glucose-6-phosphate 
(Horecker and Smyrniotis, 1955). The assay was run for a minimum of 

2.0 minutes. Activity was negligible using the goldfish homogenate, 
when glucose (100 mM) was used as the substrate, or when NADt (0.5 mM) 
was used as the cofactor. 

Other dehydrogenase activities were measured using the following 
assay mixtures: 

The malic enzyme assay mixture contained (final concentrations) ;: 
Tris-HCl buffer (100 mM, pH 8.0); malate (0.1 mM); NADP* (0.2 mM); 
MgClo (3 mM); and 0.05 to 0.3 ml of homogenate. This is, with slight 
modification, the procedure of Wise and Ball (1964). 

NADP-dependent isocitrate dehydrogenase (NADP*+-ICD) was assayed 
using the procedure of Moon and Hochachka (1971). The cuvette contain- 
ed (final concentrations): Tris-HCl buffer (100 m, pH 8.0); NADPt 
(0.2 mM); MgCl5 (1 mM); DL-isocitrate (0.1 mM, which is 0.05 mM of the 


active threo-D. form); and 0.01 to 0.2 ml of homogenate. 


Ss 


Alpha- gly cerophosphate dehydrogenase (aGPD) was assayed in the 


direction of NAD? reduction and dihydroxyacetone production, although 
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this is not always the physiological direction. The procedure followed 
was that of Bewley et al. (1974). The assay mixture contained (final 
concentrations): glycine-NaOH buffer (100 mM, pH 9.5); NADt (5 mM); 
DL-alpha-glycerophosphate (15 mM); and 0.05 to 0.2 ml homogenate. 

In all of the above enzyme assays, endogenous NADP*t (or NAD‘) 
reduction, when significant, was allowed to proceed until a constant, 
negligible rate was recorded, usually within 3 to 5 minutes, then the 
substrate was added. This was necessary only when the homogenate was 
freshly prepared, and not previously frozen. NADPt was added last when 
it was established that this caused no detectable error (Fig. l, 
Appendix VII). NADPH oxidizing reactions were undetectable in goldfish 
and sucker homogenates, but were detectable, at rates not exceeding 
Q.001 umol per minute, in very concentrated pike liver homogenates (Fig. 
1, Appendix VII). Appropriace blank cuvettes were used when necessary. 

The Km values in this study are the substrate concentrations at 
which the velocity of the enzyme reaction is one-half of its extrapolated 
maximum velocity (Vmax). The Km can also be termed the apparent Km, or 
the reciprocal of the apparent enzyme-substrate affinity (eenachica and 
Somero, 1973), to distinguish it from the Ks, the enzyme-substrate 
dissociation constant (Dixon and Webb, 1964). Calculation of the Km and 


Vmax is discussed in Appendix VII. 
D. PROTEIN 


The protein content of the tissue homogenates was determined with 
Folin-Ciocalteu reagent by the method of Lowry et al. (1951). Absorbance 


was measured at 500 nm. Bovine serum albumin was used as a standard. 
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RESULTS 


A. THE EFFECT OF TEMPERATURE ON SUBSTRATE- 


DEPENDENT G6PD KINETICS 


All of the glucose-6-phosphate dehydrogenases showed typical 
Michaelis-Menten hyperbolas when velocity was plotted against varied 
substrate concentrations. The enzymes were saturated at about 0.2 to 
0.5 mM of substrate. 

Michaelis constants, Km(G6P) for G6PD, estimated from the linear, 
non-saturating, non-activating portions of double-reciprocal plots 
(Appendix III), are recorded as a function of temperature in Table 1 and 
Figures 1A, B. The temperatures are representative of those encountered 
by white suckers (Catostomus) and northern pike (Esox) in the yearly 
cycle at Lac Ste Anne, and by goldfish (Carasstus) in the north temperate 
area of North America. 

It was found that the only differences in the Km(G6P) values were 
interspecific or due to the different assay temperatures (Table 1). 
There were no differences in the Km values of G6PD enzymes from animals 
caught at two different times of year or from animals acclimated in the 
laboratory to two different temperatures (Table 1), suggesting that no 
qualitative changes in G6PD occur due to season or temperature 
acclimation. 

Goldfish G6PD showed a substantial decrease in Km(G6P) between 
22 C and 5 C, that is, there was an increase in the apparent enzyme- 


substrate (E-S) affinity as the temperature decreased (Fig. 1A). This 
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Michaelis constants, Km(G6P), for goldfish (Carasstus), white 
sucker (Catostomus), and northern pike (Esox) liver G6PD from 
differently acclimated or acclimatized groups of fish. Assay 
temperatures are within #1 C. Km values were determined from 
double-reciprocal plots (Appendix III), and are expressed as 
micromoles of substrate per liter. The livers of 2 to 5 fish 
from each acclimated or acclimatized group were pooled to 
provide the homogenate for each group of assays. Due to the 
amount of homogenate available, the Km values for Catostomus 
and Esox were determined only once at each temperature. Most 
Carasstus Km values were determined using two different 
homogenates (single assays of each) at each assay temperature, 
and for these determinations, the mean + 1 SEM is shown. 
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Figure 1A (Upper). The Michaelis constant, Km(G6P), of goldfish 
(Carasstus) liver G6PD plotted as a function of assay 
temperature. There were no differences in the Km values of 
enzymes from warm- and cold-acclimated fish (Table 1), hence 
the mean Km of all assays conducted at each temperature is 
shown. The number of determinations at each temperature is 
shown in Table l. 


Figure 1B (Lower). The Michaelis constant, Km(G6P), of white sucker 
(Catostomus) and northern pike (Hsox) liver G6PD plotted as a 
function of assay temperature. There were no differences in 
the Km values of enzymes from winter and summer caught fish 
(Table 1), hence the mean Km of all assays conducted at each 
temperature is shown. The number of determinations at each 
temperature is shown in Table l. 
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increase in the apparent E-S affinity due to decreasing temperature has 
been termed positive thermal modulation by Somero (1969) and co-workers. 
The white sucker G6PD showed extensive positive thermal modulation 
between 22 C and 12 C (Km decreased from approx. 120 uM to 80 uM) and 
again below 5 C (Fig. 1B); negative thermal modulation, a decrease in 
apparent E-S affinity, occurred near 0 C. Pike Km(G6P) showed much less 
change with temperature than the Km's of the other species (Fig. 1B); 


below 1.8 C there was negative thermal modulation. 


B. THE EFFECT OF TEMPERATURE ON NADPT-DEPENDENT 


G6PD KINETICS 


Michaelis constants for the apparent affinity of sucker and pike 
G6PD for NADPT (Table 2) were determined from double-reciprocal plots 
(Figs. 2A, B). No differences in the Km values were seen when the 
Km(NADP*) was determined at 22 C and 2 C, nor were there major inter- 
specific differences in the values (Table 2). Seasonal comparisons were 
not made. NADP* availability (Kather et al., 1972b), and the affinity 
of G6PD for this coenzyme (Greenbaum et al., 1971), are the rate-limiting 
factors for the G6PD reaction. 

When NADP* was present at low concentrations (<15 uM), and the 
assay temperature was 2 C, there were upward curvatures in the double- 
reciprocal plots (Figs. 2A, B). These particular deviations from the 
expected linear relationship probably indicate interactions between 
binding sites (Bonsignore et al., 1970), and have been observed in 


kinetic studies of mullet fish G6PD (Hochachka and Hochachka, 1973). 
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Table 2. 


Carasstus 
Carasstus 
Catostomus 
Catos tomus 
Esox 


Esox 
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Kinetic constants for goldfish (Carasstus), white sucker 
(Catostomis), and northern pike (Hsox) liver G6PD at assay 
temperatures 0te2 aCe (tleC) Pande eGr (70.5 4G) a theekmoGor) 
of each species is the mean of all assays conducted at 
either 22 C or 2 C (from Table 1). The Km(NADP*) and 
Ki(NADPH) for Catostomus and Esox were determined once at 
each temperature as described in Figures 2A, B and 
Appendix IV, Figures 1A, B. Goldfish Ki(NADPH) was 
determined (once) with a liver homogenate from warm- 
acclimated fish. All values are expressed as micromoles/ 
titer. 


Kinetic constants for G6PD 


Assay T (C) Km(G6P) Km(NADPT) Ki (NADPH) 
ae 102 ae 25 
2 39 -- -- 
22 124 14 18 
2 49 15 32 
22 60 20 36 
2 42 20 46 
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Figure 2A (Upper). Double-reciprocal plot showing the effect’ of<ditirercent 
NADP+ concentrations on the activity of white sucker 
(Catostomus) liver G6PD. G6P concentration was 0.2 m™. The 
homogenate was from May caught fish. The Km(NADPt) values are 
listed in Table 2. Regression equations are: 


(22 C) 1/velocity = 0.5613 + 0.0079 (1/mM NADPt) 
(2 C) 1/velocity = 4.8935 + 0.0776 (1/mM NADPT) 


Velocity x 10* = nmol NADPH produced/min/gram wet weight of 
liver 


Figure 2B (Lower). Double-reciprocal plot showing the effect of different 
NADPt concentrations on the activity of northern pike (sox) 
liver G6PD. G6P concentration was 0.2 mM. The homogenate was 
from July (summer) caught fish. The Km(NADPt) values are listed 
in Table 2. Regression equations are: 


(22 C) l/velocity = 14.3737 + 0.2872 (1/mM NADPt) 


(2 C) I1/velocity = 108.5147 + 2.2424 (1/mM NADPt) 


Velocity x 10% = 


nmol NADPH produced/min/gram wet weight of 
liver 


Catostomus 20°C 
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C. THE EFFECT OF TEMPERATURE ON INHIBITION 


OF G6PD KINETICS 


Of the possible physiological inhibitors examined (Appendix IV), 
the most potent inhibitor of G6PD was NADPH. The Ki(NADPH) values 
(Table 2) were determined from Dixon plots (Appendix IV) (Dixon, 1953). 
The Ki(NADPH) was measured against the NADPt-dependent activity of sucker 
and pike G6PD. Inhibition of the goldfish enzyme by NADPH was measured 
against substrate-dependent activity. In both cases, the inhibition was 
assumed to be competitive (Passonneau et al., 1966). For sucker and 
pike G6OPD, ‘the Ki(NADPH) at 2 C was higher than the Ki at 22 G (Table 2), 
indicating, that at low concentrations (<50 uM) of NADPH, there was some- 
what less inhibition at low temperatures. 

The inhibition based upon NADPH/NADP* ratios is shown in Figures 
3A, B. The G6PD reaction was 50% inhibited when the NADPH/NADP* ratio 
was approximately 2.5, and 70% inhibited at a ratio of 5. Extrapolation 
from the data in Figures 3A, B (by linear regression equations from the 
Dixon plots in Appendix IV) indicated that the sucker and pike G6PD 
reaction will be about 95% inhibited when NADPH/NADPt+ equals 50. Fifty 
is the approximate physiological NADPH/NADP*+ ratio under lipogenic 
conditions in the rat liver (Greenbaum et al., 1971). The amount of 
inhibition by NADPH, based upon NADPH/NADP* ratios, did not appear to 


change with temperature (Figs. 3A, B)- 
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Figure 3A (Upper). Inhibition of white sucker (Catostomus) and northern 
pike (Fsox) liver G6PD by varied NADPH/NADPt ratios. The 
G6P concentration was 0.2 mM; NADP* concentration was 0.05 m™; 
and NADPH concentrations were 0.025 to 0.25 mM. The 


homogenates used are the same as in Figures 2A and 2B. Assay 


temperature was 22.0 C. 


Figure 3B (Lower). Inhibition of white sucker (Catostomus) and northern 
pike (Hsox) liver G6PD by varied NADPH/NADPt ratios as 
described in Figure 3A. Assay temperature was 2.0 C. 
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D. THE EFFECT OF TEMPERATURE ON SUBSTRATE- 


DEPENDENT 6PGD KINETICS 


Michaelis constants, Km(6PG) for 6PGD, were determined from doub 
reciprocal plots (Appendix III) and are shown as a function of temperat 
in Table 3 and Figure 4A for goldfish, and in Figure 4B for suckers and 
pike. There did not appear to be any acclimation-dependent differences 
Km values for goldfish 6PGD (Table 3), suggesting that this enzyme, as 
well as G6PD, undergoes no qualitative changes in response to temperatu 
acclimation. White sucker and northern pike 6PGD enzymes were examined 
from only one homogenate for each species, so seasonal comparisons 
could not be made. 

The Km(6PG) values in all three species were nearly independent 
assay temperature (Figs. 4A, B). The Km changed by no more than 10 uM 


over a 20 C temperature range in any of the species. 


E. ACTIVATION ENERGIES 


Arrhenius plots of Vmax vs. the reciprocal of the absolute 
temperature (apparent energy of activation, Ea) were non-linear for all 
G6PD enzymes examined (sucker and pike G6PD, Fig. 5A). Goldfish Ea 
values (Table 4) were calculated from Arrhenius plots. The transition 
temperature (Dixon and Webb, 1964, p. 158) for both sucker and goldfish 
G6PD was around 5 C, while that of pike G6PD was near 12 C. The 
apparent Ea values were similar for all three species, except that the 
goldfish G6PD showed a substantially lower Ea below 5 C compared to the 


other fish. No seasonal or acclimation-dependent changes in Ea were 


observed (Fig. 5A, Table 4). 
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Table 3. Michaelis constants, Km(6PG), for goldfish (Carasstus) liver 
GPGD from warm— (W, 20° C)7and cold— (CC, 2°G) “acclimated 
groups of fish. Assay temperatures are within 41.5 C. Km 
values were determined from double-reciprocal plots 
(Appendix III), and are expressed as micromoles of substrate 
pensliter.) the livers of 8 toe5 temperature-acelimared fish 
were used for each homogenate. At each temperature, the 
different Km values were determined using different 
homogenates. 

Assay T Km(6PG) Mean Km + SEM T-acclimated 
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Figure 4A (Upper). The Michaelis constant, Km(6PG), of goldfish 
(Carassius) liver 6PGD plotted as a function of assay 
temperature. There were no differences in the Km values of 
enzymes from warm- and cold-acclimated fishes (Tapiies >). hence 
the mean Km of all assays conducted at each temperature 1s 


shown. 


Figure 4B (Lower). The Michaelis constant, Km(6PG), of white sucker 
(Catostomus) and northern pike (Fsox) liver 6PGD plotted as 
a function of assay temperature. The sucker homogenate was 
from May caught fish, and the pike homogenate was from July 
caught fish. One determination was made at each temperature. 
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Figure 5A (Upper). Arrhenius plot of Vmax (Table 5) vs. the reciprocal 
of the absolute temperature of the enzyme assay for white 
sucker (Catostomus) and northern pike (Esox) liver G6PD. 
Energy of activation (Ea) values are expressed as Keal/mole. 
Values from winter liver homogenates are plotted. Values 
from summer homogenates are listed below: 


TCC) 105/T (K7!) Ea (Kceal/mole) 
Catostomus DOr 0- 1380 33726-34955 Wigs: 
10S 7, 349 .5-358.6 14.4 
Fsox OD OMA 33876-349.5 15.9 
Se 36S 349 .5-358.9 Dial 


Figure 5B (Lower). Arrhenius plot of Vmax (Table 6) vs. the reciprocal 
of the absolute temperature of the enzyme assay for white 
sucker (Catostomus) and northern pike (Esox) liver 6PGD. 
Energy of activation (Ea) values are expressed as Kcal/mole. 
The sources of the enzymes are listed in Table 6. 
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Enzyme 


G6PD 
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Energy of activation (Ea) values for goldfish (Carasstus) 
Liver enzymes from warm- (W, 20°C) and cold— (C, 2 C) 


acclimated fish: 


The Ea values within each temperature 


range were +15% of the mean value over the entire temperature 


range. 


Ea (Kcal/mole) 


T-acclimated 


(C) He Ce) 
6) 338.8-359.5 
8 338.8-359.8 
0) io isins lato io home) 
5 359.5-362.8 
3 359 .8-363.0 
0) 359.5-363.4 
2 S37) A= BS, 3 
0 338.8-358.2 
5 359.3-362.8 
8 358.2-362.4 


oe 


Both the sucker and pike 6PGD enzymes exhibited linear Arrhenius 
plots from 22 C to 1 C (Fig. 5B). The apparent Ea of goldfish 6PGD 
(Table 4) was identical to the energy of activation values of the other 
species (Fig. 5B) at temperatures below 5 C, but at higher temperatures 
it was much lower. No acclimation-dependent changes in Ea values of 


goldfish 6PGD were observed. 


F. QUANTITATIVE ASPECTS OF G6PD AND 6PGD ACTIVITY 


The most distinctive interspecific differences between the pentose 
phosphate pathway dehydrogenases were quantitative. The quantitative 
estimates of enzyme activity should be viewed with some caution, however, 
because of the possible loss of activity due to the homogenization pro- 
cedure (p. 8,9) and the resultant presence of catheptic enzymes in the 
homogenate. The maximal catalytic potential (Vmax) of the G6PD and 6PGD 
enzymes for all three species is shown in Tables 5, 6. The G6PD activity 
of sucker and goldfish liver homogenates was, with one exception, at least 
ten times greater than the G6PD activity of pike homogenates, whether act- 
ivity was expressed per gram wet weight of liver tissue or per milligram 
protein (Table 5, Fig. 6). The interspecific differences in 6PGD activity 
(Table 6) are similar but less dramatic. The highest activities of 6PGD 
were found in goldfish liver homogenates, and the lowest, in pike homo- 
genates. 

Differences in enzyme activities per milligram of protein were 
naturally dependent on the concentration of protein in the homogenates. 

In both sucker and pike, homogenates from the livers of winter-acclim- 


atized fish had slightly less protein (Table 5). In goldfish, this was 
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Table 5. The maximum velocities (Vmax) of liver G6PD enzymes from goldfish 
(Carasstus), white suckers (Catostomus), and northern pike (Esor). The Vmax 
was determined from double-reciprocal plots (Appendix III). At. each 
temperature, the different Vmax values represent different homogenates. 
Velocity is expressed as nmol NADPH produced per minute. 

Assay T (C) Species nmol/g liver nmol/mg protein wg protein/ml/1% homogenate 
22.0 Catostomus® 14,522 405 356 
23.0 Catostomus 14,856 338 437 
2262 Esox, 1,025 49 210 
22.0 Esox 827 29 288 
22.0 Carassius * 23,119 348 664 
220 Carasstus , 6,984 129 542 
22.0 Carasstus 4 9,405 216 437 
22.0 Carasstus TORS Aa Sys Si 
12.0 Catos tomus* 6,655 187 356 
13.0 Catostomus 6,300 144 437 
1.3 Esox, 405 19 210 
13.0 Esox Sis 12 288 
11.5 Carassius © 8,505 128 664 
12.0 Carasstus< 3,876 102 378 
eS Carasstus Bi Aeiyail 190 286 

4.5 Catostomus® 3,396 99 344 
aw Catos tomus a), by 75 437 
5.0 Esox* 142 7 210 
5)55) Esox 98 3 288 
4.5 Carasstus© Ms TS Tee 668 
4.8 Carasstus 2,034 54 378 
5.0 Carasstus ae VET) 98 286 
2.3 Catostomus* 2,207 64 344 
1.8 Esox* 77 4 210 
2.1 Carassius. ope 48 668 
7d} Carasstus Asi) 39 378 
2.0 Carasstus 2,075 73 286 
0.0 Catostomus® 2,030 --- --- 
0.6 Esox* 66 3 210 


Homogenate from July (summer) fish. 
Cold-acclimated fish. 


Warm-acclimated fish. 


Homogenate from May fish. 


Homgenate from March (winter) fish. 
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Table 6. The maximum velocities (Vmax) of liver 6PGD enzymes from 
goldfish (Carasstus), white suckers (Catostomus) , and northern 
pike (Esox). Other details as described in Table 5. 
ug protein/ml/1% 
Assay T (C) Species nmol/g liver nmol/mg protein homogenate 

2y Catostomus® 2,010 ae ike. 
GANS Deeks 952 --- ca es 
22.0 Carassius” 5,017 124 404 
22.0 Carasstus , 2,978 68 479 
2305 Carassius , 3,950 93 427 
7a Nets: Caras stus 4,070 kak 364 
pie Catostomus* 580 soo ose 
Tiel yore 289 --- --- 
We Ie Carasstus” eS? 64 404 
ties Carassius | basic 25 479 
2 Carasstus , dl tele 44 427 
ees Carassius 12695 47 364 
6.0 Carassius 15432 35 404 
Se, 74 Carasstus 1027 24 427 
biel Carasstus 981 27 364 
iit Catostomus* 143 _-- = 
bay Fsou? 75 —_ = 
2.6 Carasstus © 926 23 404 
20 Carasstus 716 17 427 


*Homogenate from May fish. 


Puonoeeuate from July (summer) fish. 
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Figure 6. 


The effect of temperature on the activity of goldfish 
(Carassius), white sucker (Catostomus), and northern pike 
(Fsox) liver G6PD. Activity was calculated from the data 
presented in Figures 1-3, Appendix III. G6P concentration 
was 0.2 mM, NADPt was saturating. Activity of sucker and 
pike summer fish homogenates is shown at 12 C and above; 
activity of winter homogenates is shown below 12 C. 


The effect of seasonal changes in liver weight on total 
NADPH production in the northern pike liver (axis on the 
right) is illustrated with the broken (- - -) line. The 
liver weights used are: 


TIES NE TG) ale) ded 
5a Ceo oc 
1.8 C = 17-24 g (lower, upper broken lines, respectively) 
026) C== 17=240¢5C | U ; a ) 


(Weights are from Medford, 1976; and personal observations.) 
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Activity of some lipogenic or NADPH producing enzymes from 
white sucker (Catostomus) tissues. G6P and 6PG concentrations 
are 0.1 mM; all other concentrations and conditions are as 
described in the Materials and Methods section. The 
temperature ot all assays was 22°C (41..0°C) 2] ‘Activity is 
expressed as nmol NADPH produced/min/gram wet weight of tissue. 


Homogenates consisted of 2 to 5 pooled tissues. 
performed in duplicate and the mean 
Individual assays were no more than 
Tr = trace, less than 15 nmol NADPH 


Assays were 
values are presented. 
+5% from the mean value. 
produced/min/ gram. 


G6PD 6PGD ME IG aGPD 
Liver! 8,296 1,592 139 30473 483 
Liver 55.093 males = ae ae 
Liver? 6,462 --- --- ~-- --- 
White Muscle Le 19 58 22067 636 
Heart 0 199 54 18,183 31 
Visceral Fat 820 193 0 567 97 
Gill 617 212 0 386 20 
Brain 424 300 0 2,508 241 


lPish 
2Fish 


3Fish 


caught, — May 1975. 
caught - July 1974. 


caught - March 1974. 
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reversed, with liver homogenates from cold-acclimated fish containing 
somewhat greater protein concentrations (Tables 5, 6). 

There appeared to be no quantitative differences in sucker G6PD 
activity per gram liver (Table 7) when March and July fish homogenates 
were compared. However, there was increased G6PD activity in the May 
caught fish which were migrating upstream to spawn. Goldfish G6PD 
activity was somewhat variable (Table 8). Cold-acclimated goldfish 
were kept under shorter daylight photoperiods than warm-acclimated 
goldfish (p. 6). This has been shown to elicit the greatest differences 
in G6PD between cold- and warm-acclimated mullet fish, Mugtl cephalus 
(Hochachka and Hochachka, 1973). However, goldfish G6PD activity 
showed no ccnsistent acclimation-dependent differences (Table 8). 
Differences in G6PD activity among different shipments of fish were 
evident (Table 8). Goldfish 6PGD activity was less variable than G6PD 
activity, but showed no acciiimation-dependent differences either (Table 8). 
Cold-acclimated goldfish that were fasted for one month or seven months 
showed no detectable decrease in G6PD or 6PGD activity (Table 8), sug- 
gesting that the variable activity of these enzymes in goldfish liver 
(Table 8) was probably not due to differences in food intake. Pike G6PD 
activity per gram liver was about 20% greater in winter than in summer 
caught animals (Table 9). This may have been only a transient increase 
due to feeding, but because the homogenates were made from pooled livers, 
the activities represent the average of several individuals, which sug- 
gests the measured seasonal differences in enzyme activity were a real 
seasonal phenomenon. Due to the number of fish available, no preliminary 


tests were conducted to determine the variability between pooled liver 
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Activity of some lipogenic or NADPH producing enzymes from 


eoldrish) (Carassius) "tissues. Orner detatls asin Table 7. 


Activity is expressed as nmol NADPH produced/min/gram wet 


weight of tiss 


G6PD 
Liver! 9,164 
Liver! --- 
Liver? 9,900 
Liver? 18,681 
Liver* ——— 
Liver" 5,182 
Liver? 5,175 
Liver? 10,994 
Liver? 4,942 
Liver? 3,858 
White Muscle Tr 
Visceral Fat? 45 
Visceral Fat? 0 


ue. 


6PGD ME ICD 
2,700 0 Dye 
3,837 ~-- --- 
4,196 488 3,730 


aS WUE) Daly 


1¢old-acclimated 
2Cold-acclimated 
3Warm-acclimated 
‘*Warm-acclimated 


°Cold-acclimated 


fish, fasted one month. 
fish, fasted seven months. 
fish. ted invexcess. 

fish, fed. 


fish, fed. 


aGPD 


Meareor 

shipment 
1974 
1974 
1974 
1-975 
1974 
L973 
Es) 
1974 
1973 
73 
1974 
1974 
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Table 9. Activity of some lipogenic or NADPH producing enzymes from 
norenern pike (#sox) tissues. Other detaile as in Table /. 
Activity is expressed as nmol NADPH produced/min/gram wet 


weight of tissue. 


G6PD 6PGD ME ICD 
Liver! 530 1,050 0 4,630 
Liver? SuL'S -- eo -— 
Liver? Gun ae ant a 
White Muscle jibe 40 39 707 


l¥ish caught - July 1974; enzymes assayed June 1975. 
2Fish caught - July 1974. 


3Fish caught - March 1974. 
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homogenates representing different groups of naturally acclimatized 
animals. However, the two pike liver homogenates from animals collected 
in July, 1974 (Table 9), do represent different groups of fish (3-4 
individuals), with the tissues of one group frozen for nearly a year 
before the homogenate was made. The virtually identical G6PD activity 
of the two homogenates suggests that only a minor amount of variability 
may exist between homogenates from different animals collected at the 
same time of year. 

The overall effect of temperature on liver G6PD activity from the 
three species is shown in Figure 6. The greater the slope, the more 
sensitive the activity was to changes in temperature. Figure 6 also 
shows how seasonal changes in the weight of the pike liver (Medford, 


1976) affect total liver NADPH production. 


G. TISSUE PROFILES OF ENZYME ACTIVITY 


The activities of five lipogenic or NADPH generating enzymes from 
a variety of tissues are presented in Tables 7-9. Some of the more 
important findings are: 

1. The highest activities of the NADPH generating enzymes (exclud- 
ing NADPt+-isocitrate dehydrogenase in heart muscle, and pike malic 
enzyme) were found in the liver of all three species. 

2. No malic enzyme activity was detectable in pike liver, suggest- 
ing an absence of the complete malate cycle (Flatt, 1970) in this tissue. 
In the livers of the other species studied, malic enzyme was present, but 


exhibited no more than 6% of the activity of G6PD, or 24% of the activity 
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41 
of 6PGD. 

3. NADPt-isocitrate dehydrogenase showed moderate to high activity 
in nearly all tissues, including those, such as white muscle and heart, 
in which the activity of other NADPH producing enzymes was low. 

4. Tissue patterns of alpha-glycerophosphate dehydrogenase 
activity showed the most variability among the three species. Goldfish 
exhibited high activity in liver and muscle, while pike had relatively 
low activity in liver, Bue high activity in muscle. Suckers showed 
comparatively low to moderate activity in liver and muscle, and had some 
activity in visceral fat preparations. 

5. Visceral fat from white suckers exhibited low NADPH generating 
activity compared to the liver. Virtually no NADPH generating activity 
was detectable in goldfish visceral fat. The visceral fat examined was 
the loose fat associated with the liver or lying along the intestine, or, 
in suckers, fat located just inside the ventral abdominal wall. Variable, 
usually small (<0.2Z% somatic body weight, Medford, 1976) a:ounts of fat 
are sometimes found along the intestine in pike, but these depots were 


not examined for enzyme activity. 
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DISCUSSION 


I. THE EFFECT OF TEMPERATURE ON G6PD AND 6PGD 


A. The Effect of Temperature on Substrate-Dependent G6PD Kinetics 


i. The absence of qualitative changes. There were no acclimation- 


dependent or seasonal differences in the Km-temperature relationships of 
the G6PD (and 6PGD, Table 3) enzymes studied (Table 1). The absence of 
differences in the Km values strongly suggests that there are no seasonal 
or temperature-dependent isozymic changes. This was expected, since a 
majority of teleost species, including goldfish (Wilson et al., 1973), do 
not normally exhibit isozymic changes in response to acclimation and 
acclimatization (Somero, 1975a). This absence of qualitative change has 
been termed the “eurytolerant protein" strategy (Somero, 1975a), and 
implies that most enzymes, such as G6PD from a number of teleost species 
(Mester et al., 1972; Somero, 1975a; Table 1, present work), have 
properties which allow for proper function at all temperatures the 
organism normally encounters. 

However, isozymic changes in the enzyme complement of a tissue 
due to acclimation or acclimatization have been demonstrated in a number 
of fish (see reviews by Hochachka and Somero, 1973; Hazel and Prosser, 
1974). These isozymic changes are generally restricted to salmonids 
(Somero, 1975a), although the acclimation-dependent changes in G6PD 
isozymes exhibited by mullet fish (Hochachka and Hochachka, 1973) provide 


a relevant and somewhat unique example in a non-salmonid species. 
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43 
ii. Temperature modulation. Since qualitative changes, based 


upon Km(G6P) values, did not occur seasonally in the G6PD enzymes 
examined (Table 1), one may ask whether the immediate or inherent 
effects of temperature on the enzyme affinity for substrate G6P (this 
section), coenzyme, NADP* (section 3) peOimeantbitom.aNADPHe(scectionsG)— 
may be of physiological or rate-compensatory significance, and thus 
enable the enzymes to function effectively throughout the annual 
temperature cycle. Such changes have been observed in a number of 
poikilotherm enzymes (Somero, 1969). 

The effect of temperature on the Km(G6P) was different for each 
species studied in the present work (Figs. 1A, B). In common with other 
poikilotherms studied (Somero, 1969; Robert and Gray, 1972b; Hochachka 
and Hochachka, 1973), the goldfish and suckers utilize temperature as a 
positive modulator of apparent enzyme-substrate affinity, over most of 
their. temperature range, while the pike do not to any great extent. All 
three of the G6PD enzymes studied showed a minimum Km of 38-50 uM, which 
occurred at the lower end of the habitat temperature range (Figs. lA, 
B). G6PD enzymes from other poikilotherms show similar Km values (45 uM, 
barracuda, Sphyraena pinguts, Shimeno and Takeda, 1972; 25 uM, king 
crab, Paralithodes camtschatica, Somero, 1969; 70 uM, mullet fish, Mugtl 
cephalus, Hochachka and Hochachka, 1973; i SUMIM, e Carp, eaassacerpsmand 
eel, \Nagayama et al., 1975b).at the lower end.of their respective 
habitat temperature ranges. This suggests that proportional use of this 
enzyme (and of the pentose phosphate pathway) may be maximal at lower 
temperatures in poikilotherms. The assumption behind such a suggestion 
is that the Km occurs at, or slightly above, the substrate concentration 


in the cell, allowing for control by substrate availability, and 
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conversely, that zm vivo concentrations are low and approximately equal 
the Km (Hochachka and Somero, 1973; Somero, 1975b). Comparison of G6PD 
apparent enzyme-substrate affinities with G6P concentrations reported in 
fish, mammals, and insects (a minimum of about 200 uM G6P, Appendix V), 
suggests that, for this enzyme, the assumption is not valid. It appears 
that the lowest Km(G6P) found in the present study (40-50 uM) is at 
least four to ten times lower than the G6P concentration in the cell 
(Appendix V). Therefore, the changes in Km(G6P) with temperature are 
probably not physiologically relevant in terms of metabolic control or 
rate-compensation. Previous temperature-dependent kinetic work on G6PD 
(Somero, 1969; Robert and Gray, 1972b; Hochachka and Hochachka, 1973) 
should be interpreted with due regard for this consideration. 

The possibility of significant steady-state changes in G6P 
concentration with changes in temperature should not be overlooked, since 
an increase in substrate concentration could result in an increase in 
velocity as long as the enzyme was not completely saturated. If the sucker 
liver G6P concentration was 400 uM rather than 200 uM at 2.3 C, the 
velocity would increase by about 10%, as calculated from the equations 
in Appendix III. Freed (1971) found a lower G6P concentration (approx. 
200 nmoles/gram) in the muscle of 15 C acclimated goldfish compared to 
25 C acclimated fish (800 nmoles/gram). However, in the muscle of the 
goldfish orfe, Idus tidus, acclimated to 6 C, the G6P concentration was 
more than double that found at moderate (10 C) or high (30 C) acclimation 
temperatures (Gronow, unpubl., the data are presented as a percentage of 
the control in Precht et al., 1973). Unfortunately, neither study 


measured G6P concentrations in the liver. Furthermore, it is not clear 
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how one would interpret data on G6P concentrations, if available, since, 
in the rat liver, G6P decreases in both starvation and a highly lipo- 
genic nutritional state, when compared to the control value (Greenbaum 


etalne, 02971s)s. 


Doe iene orecteort Temperature on NADP*—Dependent G6PD Kinetics 


It may be suggested that if modulation were of primary importance 
as a mechanism of temperature compensation in G6PD, then selective 
pressure (Crowley, 1975) would most likely result in adaptive changes in 
the affinity of the enzyme for its rate-limiting factor. Since NADPT 
availability has been shown to control the reaction velocity of G6PD in 
rat liver and adipose es Hs (Greenbaume etwe Wenmlo (lhe Cher eetuala. 
1972b), one might thus expect changes in the Km(NADPT) with temperature. 
Figures 2A, B and Table 2 show Km(NADP*) values of 14-20 uM in the fish 
presently under consideration. These values are virtually identical to 
those found in other teleosts (15-25 uM; barracuda, Sphyraena ptnguts, 
Shimeno and Takeda, 1972; mullet fish, Mugitl cephalus, Hochachka and 
Hochachka, 1973; and carp, grass carp, rainbow trout, eel, and yellow- 
tail, Nagayama et al., 1975b) but somewhat higher than values reported 
for rat liver G6PD (6 uM, Sapag-Hagar et al., 1973). These Km values 
are in the middle of the tn vivo NADP* concentration range (for 
laboratory rats, Bucher et al., 1964), and so small physiological 
increases in NADPt concentration, via its regeneration by reductive 
biosynthesis, would result in significant increases in reaction velocity. 
Thus, based upon the Km values, NADPt availability appears to be the 


controlling factor in the reaction rate of sucker, pike, and presumably 


goldfish G6PD. 
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However, one does not see changes in the Km(NADPTt) due to 

temperature in either sucker or pike G6PD when assayed at 22 C and 2 C 
(Figs. 2A, B; Table 2). Hochachka and Hochachka (1973) also found very 
little thermal modulation (25-20 uM) of this parameter in mullet fish 
G6PD when measured at temperatures which were low to moderate (16-25 C) 
for this species. The possibility of seasonal changes in Km(NADPT) 
values was not examined because sufficient tissue samples were not avail- 
able. However, it is unlikely that such changes occur because of the 
absence of seasonal changes in the Km(G6P) and because of the identical 
Km(NADP*) values at 22 C and 2 C when May (sucker) and July (pike) 
homogenates were assayed. Possible seasonal changes in NADPt concentra- 
tions have not been examined, but would probably be highly dependent 


upon the rates of reductive biosynthesis. 


C. The Effect of Temperature on Inhibition of G6PD Kinetics 

NADPH was the most pot:ent physiological inhibitor of G6PD of 
those inhibitors tested in this study (Table 2; Appendix IV), and has 
been shown to be the primary physiological inhibitor of rat liver G6PD 
(Sapag-Hagar et al., 1973). The Ki for NADPH changed slightly (Table 2) 
with temperature in sucker and pike liver G6PD in such a way as to 
produce less inhibition at lower temperatures. However, if the NADPH 
concentration is calculated indirectly from known NADPt concentrations 
(Bucher et al., 1964; Greenbaum et al., 1971) and NADPH/NADPt ratios 
(>45, Greenbaum et al., 1971; >70, Krebs and Veech, 1969), then the NADPH 
concentration is ten or more times greater than the Ki(NADPH). Directly 
determined NADPH concentrations in laboratory rats are also at least ten 


times greater than the Ki(NADPH) (250-450 nmole/gram wet weight, Bucher 
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et al., 1964). Therefore, the small change in Ki(NADPH) (Table 2) would 
not greatly reduce the inhibition at low temperatures (compare Figs. 3A 
and 3B). From extrapolation of the regression equations from the Dixon 
plots (Appendix IV) one can show that, at a NADPH/NADPt ratio of 50, the 
G6PD reaction will be approximately 96% inhibited at 22 C, and approx- 
imately 95% inhibited at 2 C in suckers and pike. Therefore, only a 
minor rate-compensating effect can be attributed to temperature modula- 
tion of the inhibitor constant for NADPH. 

In summary, the decrease in the G6PD reaction velocity due to 
temperature is not compensated for, except in a minor way, by a positive 
thermal modulation strategy in goldfish, suckers and pike, because, at 
least in suckers and pike, there is no adaptive change in the apparent 
affinity of G6PD for NADP™, the physiological rate-limiting factor. 

Other immediate temperature-dependent changes in the affinity parameters, 
Km(G6P) and Ki(NADPH), are of only minor importance becaus2 the 
concentrations of G6P and NADPH in the cell are probably much higher than 
the Km or Ki. 

It appears that if a substrate or coenzyme is rate-limiting for a 
particular reaction, then its apparent affinity for the enzyme is likely 
to be relatively independent of temperature over much of the enzyme's 
physiological temperature range (Moon, 1972; Somero, 1975b; Table 2, 
this work). Therefore, temperature compensation, as illustrated in the 
above discussion, is not “often effected" by changes in Km values 
(modulation strategy), since this would result in changes in regulatory 
function at different temperatures (Somero, 1975b). Regulatory function, 
the affinities of enzymes for their substrates and various modifiers, 


appears to be a conservative enzyme property, as illustrated by the 
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normally submaximal function of enzymes and the similarity in substrate 
and coenzyme affinities for homologous enzymes from a number of 


organisms living in different thermal environments (Somero, 1975b). 


De oEnerpiesho£ Activation, Kas OL SGORD 


Temperature-dependent conformational changes which result in 
modulation of apparent enzyme-effector affinities were of only secondary 
importance for rate compensation (see above). Perhaps, then, the G6PD 
enzymes studied have an inherently high catalytic efficiency, Vmax (low 
energies of activation), or conformational changes take place which 
result in greater catalytic efficiency (lower Ea) at lower temperatures. 
Vroman and Brown (1963) have suggested that enzymes from cold-adapted 
organisms may have lower energies of activation than those from warm- 
adapted species, which would permit the maintenance of catalysis at low 
temperatures. Some enzymes from cold-adapted and antarctic fish do 
- show reduced Ea values compared to the homologous enzymes from warm- 
adapted species (Somero, 1975b), but other enzymes do not (Hochachka and 
Somero, 1973). The energies of activation found in the present study 
(Fig. 5A, Table 4), though not especially low, were comparable to values 
of other poikilotherm G6PD enzymes (Robert and Gray, 1972b; Audilet and 
Gray, 1973b; Hochachka and Hochachka, 1973). The Arrhenius plots (Fig. 
5A) were non-linear, and similar to those found with blue crab G6PD 
(Robert and Gray, 1972b). According to Baldwin and Hochachka (1970), 
non-linear Arrhenius plots are not unusual when both Vmax and Km change 
with temperature. The downward break or transition in the Arrhenius 
plots (Fig. 5A) suggests that temperature-dependent conformational 


changes affecting the catalytic efficiency (Vmax) take place at lower 
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temperatures, and that these changes result in the production of a 


poorer catalyst (higher Ea) rather than a better one. 


lise Temperature—Dependent KGnerLes or 6PGD; COmereol Oe Ee Paoncoge 
Phosphate Pathway 


In the present study of 6PGD no temperature acclimation-dependent 
differences in apparent E-S affinity were observed (goldfish - Table 3), 
suggesting that, like G6PD, no isozymic changes occurred. There was a 
nearly complete absence of temperature-modulated changes in the apparent 
enzyme-substrate affinity (Figs. 4A, B). Based on previous arguments, 
the temperature insensitivity of the E-S affinity, and the reported in 
vivo 6PG concentrations (Appendix V) suggest substrate-dependent control 
of 6PGD, which is expected if flow through the PP pathway is controlled 
by NADPt availability at the preceding G6PD step. In addition, over the 
temperature range measured, the Ea values for 6PGD in the sucker and pike 
were relatively constant (Fig. 5B). It is not known why goldfish 6PGD 
should exhibit changes in Fa (Table 4), when its Km(6PG) shows 
temperature independence similar to the sucker and pike 6PGD enzymes. 

So far, it has been assumed that the enzyme controlling the rate 
of metabolite flow through the oxidative portion of the pentose phosphate 
pathway is G6PD. This is an obvious assumption when considering such 
tissues as pike liver, where 6PGD activity greatly exceeds G6PD activity 
(Table 9), but it is not so obvious in sucker and goldfish liver, where 
G6PD activity greatly exceeds that of 6PGD (Tables 7, 8). In rat liver, 
the two major lines of evidence (from Greenbaum et al., 1971) pointing 
to control at the G6PD site are: that G6PD is a non-equilibrium 


reaction, while 6PGD is an equilibrium reaction; and that maximum 
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50 
phenazine methosulfate stimulated flow through the pathway is directly 
related to the activity of G6PD, measured tn vitro. However, Sapag-Hagar 
et al. (1973) have questioned, on the basis of an apparent imbalance of 
activities between G6PD and 6PGD, whether there is control at the G6PD 
site, and whether the oxidative PP pathway is an unbranched sequence. 

A thorough study of the physiological control or inhibition of the 
6PGD reaction was not undertaken in this work. It has been shown, in 
four of the five teleosts studied by Nagayama and Ohshimi (1975) and 
Nagayama et al. (1975b), that 6PGD has a preater affinity than G6PD for 
NADPt, the rate-limiting coenzyme (Greenbaum et al., 1971). Therefore, 
G6PD will, in this work, continue to be considered the controlling enzyme 
of the PP pathway, although the low 6PGD activities (compared to G6PD) 
of sucker and goldfish liver do suggest consideration of an alternate 


interpretation. 


F. Quantitative Changes in Enzyme Activity 


There are two other mechanisms which goldfish, suckers, and pike 
can use to maintain or proportionally increase the rate of NADPH 
production via the PP pathway as the kinetic energy of the environment 
decreases. The enzyme activity or concentration can increase per gram 
of tissue, or the total enzyme activity of an organ can increase due to 
an increase in organ size. Quantitative changes in enzyme activity due 
to temperature acclimation or seasonal acclimatization have been shown 
for a number of enzymes and species, but, as Hochachka and Somero (1973) 
correctly observe, it is not known in most cases whether new enzyme forms 
are present or whether the enzyme concentration in the cell has actually 


increased. Table 9 shows that pike liver G6PD activity is about 20% 
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higher in winter than in summer caught fish. The pooled samples, the 
identical source of enzyme (male pike liver), and identical kinetic 
constants and Ea's (Table 1, Fig. 5A), suggest that there was, in fact, 
an actual increase in G6PD concentration in winter pike liver. Sucker 
liver G6PD (Table 7) and goldfish liver G6PD and 6PGD activity (Table 8) 
showed no quantitative change when winter and summer or cold- and warm- 
acclimated activities were compared, although goldfish homogenates 
showed considerable variability. 

No consistent response has been found by other workers studying 

© 

the dependence of PP pathway dehydrogenase activity on temperature 
acclimation. Ekberg (1962) found an increase in gill 6PGD activity and 
no change in gill G6PD activity when cold-acclimated crucian carp were 
compared to warm-acclimated ones. Lehmann (1970) found slight (16-172) 
increases in G6PD and 6PGD activity in muscle in goldfish acclimated to 
5 C compared to the 15 C acclimated group. Similar findings were 
reported by Kunnemann et al. (1971) for muscle G6PD from Idus tdus. In 
the two latter papers, the variability in enzyme activity between 
individuals was high. Since the utilization of the PP pathway in muscle 
is extremely low (Green and Landau, 1965), it is uncertain whether the 
slight increases in muscle G6PD have any significance. 

Braun et al. (1970) found increases in liver, muscle, and gill 
G6PD activity and decreases in intestinal G6PD activity in cold- 
acclimated bitterling, Rhodeus amarus. To this author's knowledge, 
theirs is the only reported increase in G6PD activity in fish liver due 
to cold-acclimation or acclimatization, except for the increase in 
northern pike G6PD activity in the present work (Table 9). It should be 


noted that malic enzyme, another enzyme producing reducing equivalents 
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for lipogenesis, showed substantially decreased activity in liver from 
cold-acclimated Rhodeus. Different enzymic responses to cold- 
acclimation in different species and organs (see Table 5 in Braun et al., 
1970), differences in diet, and the often great physiological variability 
between different populations of fish, especially goldfish and carp 
(Wilson et al., 1973; see shipment date, Table 8), may be responsible for 
some of the differences observed among the studies cited above. 

In contrast to either transient or seasonal increases in enzyme 
activity or concentration, another quantitative possibility is an 
increase in the size of the tissue concerned with the particular bio- 
chemical function. This strategy has been rather neglected by compara- 
tive biochemists, but can be very important from the animal's point of 
view. If the enzyme activity per gram stays constant, any increase in 
organ size, regardiess of its etiology, will increase the total enzyme 
activity. Data from Medford (1976) show that (in Lac Ste Anne) the 
liver in winter caught pike is about twice as large as the liver in 
summer caught pike (see Fig. legend 6). Other species show seasonal 
changes in liver size as well (Inui and Ohshima, 1966). The increase or 
maintenance of enzyme activity per gram in the pike's enlarged winter 
liver suggests that, despite relatively low G6PD activity (Table 9), the 
PP pathway may play an important role in pike metabolism, and that this 
role may be especially important in winter, or is closely tied to liver 
function. 

The potential significance on increases in pike liver size in 
temperature compensation by G6PD is illustrated in Figure 6. At 2C 


(December data, Medford, 1976) a 17 g liver weight can be used for total 
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enzyme activity estimates, while at 0.6 C, a 24 g liver weight can be used 
for activity estimates (personal observations; early March data, Medford, 
1976). Obviously, this is a simplification, since the liver is more or 
less continuously growing, and the temperature fluctuates somewhat. 
Nonetheless, using the simplifications, the increase in liver size over 
the winter might allow the rate of NADPH production by liver G6PD to be 


almost temperature-independent at low temperatures. 


G. Summary and Conclusions 


In summary, there are some species differences in the temperature- 
dependent properties of glucose-6-phosphate dehydrogenase. Temperature 
modulation of G6PD activity plays a tangible, but minor, role in rate 
compensation in suckers and goldfish. Quantitative seasonal changes in 
G6PD activity were found in northern pike, and appeared to be due primar- 
ily .to changes in liver size. 

This study has found: (1) no kinetic evidence (Tale 1) of 
different isozymic forms of G6PD in warm- and cold-acclimated goldfish, 
or seasonally acclimatized white suckers and northern pike; and (2) rate- 
temperature plots (Fig. 6) of enzyme activity which show that none of 
the enzymic mechanisms present appear to provide a significant amount of 
rate compensation compared to the overall effect of temperature on the 
reaction rates. Thus, for these fish, the catalytic properties of the 
pentose phosphate pathway dehydrogenases do not appear to provide a 
mechanistic basis for increased PP pathway participation in carbohydrate 
catabolism. This is in agreement with the findings of Robert and Gray 
(1972a, b) on blue crab G6PD, but not with the view of Hochachka and 


Hochachka (1973) that temperature-dependent properties of mullet fish 
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54 
G6PD do provide such a mechanism. 

However, increased de novo lipogenesis from acetate does occur in 
cold-acclimated brook trout (Hochachka and Hayes, 1962), goldfish 
(Knipprath and Mead, 1968), and rainbow trout (Dean, 1969); although in 
cold-acclimated goldfish, the increased lipogenic rate is not reflected 
in the total lipid content (Knipprath and Mead, 1968; Appendix VI, 
present work). In view of the relationship between the NADPH generation 
and rates of lipogenesis, some proportionally increased pentose phosphate 
pathway utilization probably does occur in some winter acclimatized or 
cold-acclimated fish (certainly, in brook trout, Hochachka and Hayes, 
1962), in spite of the absence of any temperature-dependent properties of 
the G6PD reaction which would provide a basis for this. Proportionally 
increased carbon flow through the PP pathway in most cold-acclimated 
fish probably occurs because of increased SAS oF lipogenesis which are 
due to the favorable energetic conditions in the cell at low temperatures. 
The probable increase in lipogenesis results in a decrease of the NADPH/ 
NADPt ratio (Greenbaum et al., 1971) and the greater availability of 
NADPt for the G6PD reaction. 

For goldfish that are cold-acclimated, the possible increase in 
6PGD activity in the gill (Ekberg, 1962), would not result in increased 
flow through the PP pathway unless it was accompanied by increased G6PD 
activity due to the above-mentioned adjustments. It is possible that 
goldfish, at moderately low temperatures (around 5 C, as in most 
experiments) use a quantitative strategy. Due to the variability in the 
experimental animals and tissue preparations (Wilson et al., 1973; Table 


8, present work), this mechanism of temperature compensation would be the 
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55 
most difficult to consistently demonstrate experimentally. The 
qualitative strategy, if used, would not be as easily obscured by 
variability. Thus, this work shows that qualitative changes do not 
occur in goldfish PP pathway dehydrogenases, confirming the work of 


Wilson et al. (1973) on other goldfish enzymes. 
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II. THE PRODUCTION OF REDUCING EQUIVALENTS AND 


LIPOGENESIS 


Ma  Baltees oie Lipogenesis Based on Tissue Enzyme Profiles 


The activity of the pentose phosphate pathway dehydrogenases and 
malic enzyme can be positively correlated with the rate of de novo lipo- 
genesis in rat. liver (Pande et.al”, 1964s, Leverlte, 1970). therefore, 
unless the sources of reducing equivalents for lipogenesis in fish 
tissues are quite different from those in mammalian tissues, it appears 
from the data in Tables 7-9 that the liver is probably the predominant 
organ of de novo lipogenesis in suckers, goldfish and possibly pike. The 
Same enzyme pattern is also seen in bitterling, Rhodeus amarus (Braun et 
ale, 1970). ~ This is similar to findings in some birds (Goodridge and 
Ball) 196/> 0 Hea and Leveille, 19694) “and=inyman) (Shrago et al., 1971). 
In some other animals, such as the pig (O'Hea and Leveille, 1969b), and 
some ruminants (Ingle et al., 1972), adipose tissue is the primary organ 
of de novo lipogenesis. In frogs, both adipose tissue (corpora adiposa 
or fat body) and liver are important lipogenic organs (Baranska and 
Wlodawer, 1969). 

The high lipogenic enzyme activity of the liver of suckers and 
soldfish (Tables 7, 8), coupled with the high lipid content, ofthe liver 
relative to other tissues (Appendix VI), and the small quantity or 
absence of lipogenic "adipose tissue" (see below), indicates that, in 
these two teleost species, the liver probably functions as adipose tissue 
in the mammalian context. That is, the liver consists, in part at least, 
of tissue whose primary function is the storage of large quantities of 


lipid, much of which is enzymatically formed de novo in the tissue, and 
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subsequently, is mobilized in Pp eeenas to the energy demands of other 
tissues. This is similar to the dual function of the insect fat body 
(Newsholme and Start, 1973). 

Visceral fat from suckers and goldfish in this study had 
relatively low or no NADPH generating activity (Tables 7, 8), and did 
not appear to be equivalent to rat epididymal fat pads or the fat body of 
frogs and insects in this regard. This finding seems to contradict the 
work of Farkas (1969), in which it was reported that the "adipose tissue" 
of bream, Abramis brama, and pike-perch, Luctoperca luctoperea, produced 
Battyeacidsinielt is initact fnotiicleariwhatheissue/Farkasfuseds since 
personal observations by this author indicated no discrete lipogenic 
adipose tissue in suckers or goldfish, and only small amounts of visceral 
fat in pike, and this was not examined for enzyme activity. Aside from 
visceral fat, Vague and Fenasse (1965) indicate that suckers and goldfish 
have numerous subcutaneous adipocytes, and that pike may have consider- 
able fat depots at the base of the fins. Neither of these depots were 
examined in the present work, and Vague and Fenasse (1965) indicate that 
they should not be considered as equivalent to mammalian adipose tissue. 

The relatively low enzyme activity of the visceral fat of suckers 
and goldfish (Tables 7, 8) suggests that the visceral fat functions 
primarily as a depot of pre-formed lipid, although the aGPD activity of 
sucker visceral fat indicates that esterification of fatty acids may be 
taking place at this site. This activity, however, may be due to 
contamination of the homogenate with liver tissue. It is interesting to 
note that the measurable protein concentration in the supernatant fluid 
of sucker visceral fat homogenate is about one-half that of sucker liver 


(Table 5). With 200 ug/ml of protein present, one might expect some 
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53 
enzyme activity in the visceral fat. Lipolytic activity in the form of 
lipases is probably present, in spite of the indirect demonstration by 
Farkas (1969) that no hormone-sensitive lipase existed in fish "adipose 
tissue." Unfortunately, this has not been investigated. In addition, to 
this author's imeeieaee no examination has been made of the relationship 
between the comparatively diffuse liver of goldfish and suckers and the 
visceral fat, although changes in the two are of obvious importance on a 
seasonal basis. 

Considering the low activity of the NADPH generating enzymes in 
the pike (Table 9), compared to other fish (Tables 7, 8, present work; 
Buhler and Benville, 1969; Braun et al., 1970; Nagayama et al., 1972; 
Shimeno and Takeda, 1972), it is probable that most of the lipid in the 
pike's body comes from its diet. The pike liver does have some lipogenic 
petential, however (Kluytmans and Zandee, 1974). The apparent absence of 
malic enzyme from the liver (Table 9) may be indicative of the generally 
low requirement for de novo lipogenesis, and may also indicate that 
glucose is not an important source of carbon for fatty acid synthesis 
(Hanson and Ballard, 1967). Most of the reducing equivalents produced 
via the pentose phosphate pathway are probably used for other reductive 
biosyntheses. 

The white muscle tissue of pike, suckers, and goldfish showed low 
lipogenic potential in terms of G6PD, 6PGD, and ME activities (Tables 
7-9). Considerable aGPD activity was present in the white muscle, 
however. This aGPD is probably not involved in the esterification 
of fatty acids or gluconeogenesis as in the liver (Harding et al., 1975), 
but is probably used to regenerate NADt for triosephosphate dehydrogenase 


(Peterson et al., 1964), in conjunction with lactate dehydrogenase 
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during short hypoxic bursts of intensive muscular effort. The pike, in 
which such bursts are probably common, has higher aGPD activity in white 
muscle than do suckers or goldfish. 

Among the NADPt-dependent enzymes, isocitrate dehydrogenase (ICD) 
has probably received the most thorough attention from fish biochemists 
(Moon and Hochachka, 1971; Kunnemann and Passia, 1973). However, the 
exact physiological role of this enzyme remains to be established (Marr 
and Weber, 19693 Moon, 1972). A number of investigators (Pande et al., 
1964; Wise and Ball, 1964; Leveille, 1970) have found no correlation or 
negative correlations between ICD activity and lipogenesis in rat adipose 
and liver tissue. For this reason, ICD was not included in the above 
discussion of lipogenesis. However, ICD activity is relatively high 
(Tables 7-9), and if fully expressed, would nearly-double the NADPH 
production (Fig. 6) in goldfish and sucker livers, and quadruple the 
production in tHe pike liver. 

Moon (1972) suggested that NADPH production for lipogenesis may be 
an important function of ICD, based on the significant inhibition of 
trout ICD by NADPH, and the findings of Flint and Denton (1970) that ICD 
was an important source of reducing equivalents for steroidogenesis in 
the rat ovary. However, the inhibition of pike and sucker G6PD by NADPH 
(Fics. 3A, B) occurs at lower NADPH/NADPT ratios than inhibition of 
CLOCEe ODM UMOOle 972). lias ethic iem ab htg er the reasoning of 
Sanwal (1970), that G6PD is more tightly coupled to NADPH utilization by 
reductive biosyntheses, and, hence, G6PD is probably more important as a 


source of reducing equivalents for such processes. 
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B. Speculative Estimates of in vivo Lipogenesis 

Although speculative, it is nonetheless interesting to attempt to 
estimate how much lipid can be produced by the liver of northern pike and 
white suckers at different times of year, based upon in vittro measure- 
ments of PP pathway dehydrogenases. 

Figure 7 shows the estimates of liver lipid production at different 
temperatures for suckers and pike, and some of the assumptions required 
to make such estimates. This graph is obviously an extension of the more 
common graph expressing dehydrogenase activity as mol NADPH produced/ 
min/gram (Fig. 6). Palmitate production is used as an index of lipid 
synthesis because it is quantitatively the most common saturated fatty 
acid formed de novo in many organisms (Masoro, 1968; Kluytmans and 
Zandee, 1974). The assumption that lipogenesis can stoichiometrically 
equal NADPH generation obviously ignores other avenues of NADPH utiliza- 
tion, which, on a percentage basis, may be important in the pike liver. 
In general, however, rates of NADPH production have been shown to closely 
parallel rates of fatty acid formation (Kather et al., 1972a). Express-— 
ing palmitate production estimates on a monthly basis is more realistic 
in terms of seasonal cycles than expressing it per minute as is usually 
done. The NADPH/NADPt ratio of 50 (from Greenbaum et al., 1971), used 
in Figure 7 is probably very close to the tn vivo ratio, since it results 
in G6PD activity (calculated from the linear regression equations in 
Appendix IV) which is equal to or less than 6PGD activity (at 40 uM 6PG), 
a necessary condition if control is exerted at the G6PD reaction site 
(Greenbaum et al., 1971; Kather et al., 1972b). For suckers, G6PD is 35% 


of 6PGD activity at 22 C, and about 100% at 2 C. For pike, the respective 


percentages are 6% and 9%. 
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Estimates of tn vivo palmitate production by white sucker 
(Catostomus) and northern pike (EZsox) liver based upon tn 
vitro pentose phosphate pathway dehydrogenase activity. 


Estimates were calculated from the following assumptions and 


data: 

1. (G6PD activity was calculated as inj Figure 6." The G6P 
concentration was 0.2 mM (Appendix 5). 

2. NADPH/NADPTt = 50 (Greenbaum et al., 1971). The percent- 
age activity from #1 (above) that occurred at this ratio 
was calculated from linear regression equations of the 
data presented in Figures 1A, B, Appendix IV. 

3. The above estimates were doubled to include the NADPH 
produced by the 6PGD reaction. 

4. Estimates of liver weight for northern pike were as in 
Figure 6. For white suckers, a 20 g liver (personal 
observations) was used in the calculations at all 
temperatures. 

5. Micromoles NADPH produced/min/liver were converted to 


grams palmitate/month/liver based on the stoichiometric 
relationship 14 mmoles NADPH = 1 mmole palmitate (Masoro, 
1968). 


g Palmitate/ month/tota! liver 
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The estimated amount of fatty acid synthesized de novo by the 
white sucker liver (Fig. 7) is about 6 to 12 grams per month during the 
summer, and 2 to 4 grams per month during tthetwinten! GThe totalilipid 
content of liver plus muscle is approximately 7 grams (Table 2, Appendix 
VI). It is estimated that the pike liver can synthesize (Fig. 7) no 
more than 0.6 gram of fatty acid per month during the summer, and less than 
0.2 gram per month during the winter. However, the estimated total lipid 
content of pike liver plus muscle is about 4 grams. Comparing the fatty 
acid production estimates with the total lipid in the liver and muscle, 
one can suggest that, unless the lipid turnover rates are extremely low, 
it seems unlikely that de novo production of fatty acids by the liver is 
adequate to supply the lipids required, especially for the pike. Thus, 
one can conclude that preformed fatty acids from the diet almost certainly 
play an important role in the lipid economy of pike and probably suckers 
as well. This has previously been mentioned in regard to the pike 
(Kluytmans and Zandee, 1974). It would, therefore, be of interest to 
compare the total amount of lipid in the diet of the pike and suckers, 
and to see whether this information could be related to the above 
estimates of lipid production. Unfortunately, despite some knowledge 
about the diet of pike (Scott and Crossman, 1973), no quantitative 
estimates of lipid intake are available, and nothing is known about the 
total lipid in the sucker's diet. 

It is obvious that there are a number of potential sources of 
error involved in both the estimates of fatty acid production via NADPH 
generation and in the interpretation of such estimates. 

1. Conclusions about in vtvo metabolic flux based upon enzyme 


studies can, at best, be considered as tentative; or as testable 
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64 
hypotheses which must be correlated with other information (labelled 
precursor studies, substrate analysis, etc.; see Newsholme and Start, 
1973). In some cases, estimates of in vitro G6PD and 6PGD activity do 
not appear to agree with estimates of carbon flow through the oxidative 
portion of the pentose phosphate pathway (Sapag-Hagar et al., 1973). 

2. It is possible that the role of NADP*-dependent isocitrate 
dehydrogenase should be given some consideration. As mentioned earlier, 
in eres NADP*-ICD does not act adaptively in concert with other lipo- 
genic enzymes, so perhaps it forms a base-line of constant reducing 
equivalent production while the other enzymes exhibit a flexible response 
to dietary or hormonal stimuli. A similar function has been ascribed to 
malic enzyme in rat adipose tissue (Livrea et al., 1976). 

3. Fatty acid production in the rest of the body (extra-hepatic 
lipogenesis) may be important enough to consider. Although it is 
probable that the liver is the most important organ of lipogenesis 
(Tables 7-9, present work; Braun et al., 1970; Kluytmans and Zandee, 
1974), and that in suckers and goldfish, at least, visceral fat has 
relatively itele or no Liporenia@=activity Clabless/ 57138), 1t 1s, possibile 
that the "adipose tissue" localized at the base of the fins in pike, and 
the subcutaneous adipocytes of cypriniformes (Vague and Fenasse, 1965) 
may contribute to fatty acid production. Unfortunately, not enough is 
known to make any estimates of extra-hepatic lipogenesis. 

4. There is virtually no information on total lipid turnover 
rates in different organs of fish. Some information on the relative 
effect of temperature on these rates is available, however. It is known 
that proportionally both synthesis and breakdown can increase in cold 


acclimated rainbow trout (Dean, 1969), and that, in goldfish, there is 
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65 
differential synthesis and breakdown of individual fatty acids, and this 
is highly temperature-dependent (Knipprath and Mead, 1968). 

In conclusion, rough estimates of tm vivo lipogenesis from in 
vitro measurements of hepatic pentose phosphate pathway dehydrogenase 
activity indicate that white suckers can produce at least ten times 
more fatty acid than northern pike, and that preformed fatty acids from 
the diet may be an important source of body lipid in both species. 
Knowledge of the contributions of the diet, other enzymes, and other 
tissues to the overall lipid economy is inadequate, however. When the 
contributions of these factors are better known, particularly in relation 
to temperature, then the actual significance of possible proportional 
acclimatization-dependent increases in pentose phosphate pathway activity 


may be better understood. 
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APPENDIX I. pH, Ions, and Bimodal Kinetics 


A. Results 

The activity of goldfish G6PD and 6PGD in the presence of 
different hydrogen ion concentrations (pH) is shown in Figures 1A and 
1B. G6PD exhibited maximal or near-maximal activity at pH 8.0 to 8.8 
(Fig. 1A). 6PGD had a somewhat narrower optimum around pH 8.0 (Fig. 1B). 

The Tris-HCl buffer used in the pH optima studies had a constant 
molarity, but varied in ionic strength. Increases in ionic strength 
above 0.07 M decreased the activity of G6PD (Fig. 2), and presumably 
6PGD, as well (Table 1). The ionic strength of the buffer (pH 8.0) 
routinely used was 9.064 M. The ionic strength of the homogenate in the 
assay cuvette probably did not exceed 0.01 M because of the large 
dilution factor, and so the ionic strength of the homogenate will be 
ignored in the following discussion. 

Magnesium ions inhibit G6PD activity at concentrations greater 
than 2 m™ (Fig. 2). Similar effects were seen with OPGDE (Tables) ea 
comparison of the effects of Mg*t and Tris-HCl buffer in terms of ionic 
strength is shown in Figure 2. 

The inhibitory effects of mercuric ions (Table 1) are common in 
studies of G6PD and 6PGD (Broyles and Strittmatter, 1973), and are not 
due to changes in ionic strength, since the HgClj concentrations are too 
low to significantly change this parameter. 

Some of the double-reciprocal plots of liver G6PD activity 
(Appendix III) showed a trend toward bimodality at higher substrate con- 


centrations. This is particularly pronounced in the plot of northern 
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APPENDIX I (Continued) 


Figure 1A (Upper). The effect of pH on the activity of goldfish 
(Carasstus) liver G6PD. The activity at pH 8.0 was 
considered to be the control. The assay solution contained 
saturating amounts of G6P (1.0 mM) and NADPt (0.4 mM). Tris- 
HCl buffer (100 mM) was used to adjust the pH of the assay 
solution. The assay temperature was 22.0 C. 


(e) 20 C acclimated fish 


(o) 2 C acclimated fish 


Figure 1B (Lower). The effect of pH on the activity of goldfish 
(Carasstus) liver 6PGD. The assay solution contained 
Saturating amounts of 6PG (1.0 mM) and NADPt (0.3 mM). Other 
détailts#asein Figs lA: 
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APPENDIX I (Continued) 


Figure 2. 


The effect of Mgtt (as MgClj) and ionic strength on the activity 
of goldfish (Carassius) liver G6PD. The G6P concentration was 
0.1 mM; NADP* was saturating; and the concentration of Tris-HCl 
buffer was 100 mM (ionic strength, 64 mM). The control cuvette 
contained no Mgtt. The assay temperature was 22.0 C. 
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APPENDIX I (Continued) 


Table 1. The effect of Mgt* and Hg on goldfish (Carassius) liver 
6PGD and G6PD activity. In both cases, chloride salts were 
used, and the concentrations represent the final concentra- 
tions in the assay medium. The G6P concentration was 0.1 ™; 
NADP+ was saturating. No correction was made for the EDTA 
present in the initial homogenizing fluid. The assay 
temperature was 22 C. 


Enzyme Ion Concentration (mM) % Relative activity 
6PGD Mg tt 0.0 100 
e : 10.0 89 
e iH 100.0 10 
6PGD Hgtt 0.000 100 
EY 0.001 | 100 
a Hi O20n ibe) 
G6PD Hgtt 0.000 100 
a Y 0.001 100 
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pike G6PD (Fig. 2, Appendix III). At an assay temperature of 11.3 C, 

for example, using only the substrate concentrations below 0.5 mM, the 
Km(G6P) was 44 wM and the Vmax was 405 nmol NADPH produced/min/gram liver. 
Using substrate concentrations of 0.5 mM and above, the Km(G6P) was 

228 uM and the Vmax was 530 nmol NADPH produced/min/gram liver (Fig. 2, 


Appendix III). 


B. Discussion 

Modulation of the activity of poikilotherm enzymes may not only 
occur due to changes in the concentrations of effector metabolites or 
temperature, but may also be due to changes in other factors in the 
intracellular milieu, such as pH, concentration of various ions, and 
ionic strength (Hochachka and Somero, 1973). 

The combined effects of hydrogen ion concentration and ionic 
strength resulted in a pH optimum for goldfish liver G6PD (Fig. 1A) of 
approximately 8.0 to 8.8, which is identical to optima reported for 
G6PD enzymes from a number of organisms (for example, yeast G6PD, Glaser 
and Brown, 1955; human erythrocyte G6PD, Yoshida, 1966; and G6PD from 
four teleost species, Nagayama et al., 1975b). Cohen and Rosemeyer 
(1969) have shown that, with human erythrocyte G6PD, this pH optimum is 
found only if buffers of constant molarity and varying ionic strength 
are used. With constant ionic strength buffers, they found that the 
activity increased with pH, up to at least pH 9.0. 

In poikilotherms, Rahn (1966) and co-workers (Rahn and Baumgardner, 
1972) have shown that blood pH (and perhaps intracellular pH) increases 
with decreasing temperature to maintain a level approximately 0.5 units 


above the pN. G6PD activity tn vivo may thus increase as the pH 
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increases with lowering temperature, similar to the situation found by 
Freed (1971) for goldfish muscle phosphofructokinase. 

The pH optimum for 6PGD (pH 8.0, Fig. 1B) is similar to those 
optima reported elsewhere for carp, rainbow trout, and eel 6PGD (Nagayama 
and Ohshimi, 1975), but there is considerable variability in the litera- 
ture. For example, Glock and McLean (1954), using rat liver 6PGD, found 
aepheoptimum.of 9920: 

Cohen and Rosemeyer (1969) have demonstrated that both the 
stimulatory and inhibitory effects of Mgt? on human erythrocyte G6PD 
were due primarily to an increase in ionic strength. At low concentra- 
tions of Mgtt, the Vmax is increased, but at higher concentrations 
@0205eM) Mgtt competes with G6P for binding sites (see also Rutter, 
1957), and can severely inhibit the reaction by greatly increasing the 
Km(G6P). The inhibition of goldfish liver G6PD and 6PGD by Mg*t at 
concentrations above 2 mM is probably due, at least in part, to the 
increasing ionic strength, as well, as shown by the inhibition caused by 
0.2 M Tris-HCl buffer (Fig. 2). The response of the unpurified goldfish 
liver G6PD (Fig. 2) was similar to the response of the highly purified 
human erythrocyte G6PD (Fig. 6 in Cohen and Rosemeyer, 1969), except that 
the goldfish enzyme appeared to be somewhat more sensitive to inhibition 
by high ionic strength. Gill G6PD from the tanner crab, Chtonocetes 
bairdt (Behrisch, 1972) appeared to be much less sensitive to inhibition 
by ionic strength than either the goldfish liver or human erythrocyte 
enzymes, and this may reflect the higher ionic strength of its environ- 
ment. 

The effects of ionic strength, as distinct from the effects of 


different ions, have not been investigated in 6PGD, although inhibition 
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by some ions has been demonstrated (Table 1, this work; Chefurka, 1957). 

Intracellular ionic strength is probably considerably higher than 
0.1 M (Albers, 1970, p. 185), and this suggests that the ionic strength 
of the intracellular medium probably contributes to the partial 
inhibition of G6PD and 6PGD tn vivo. Changes in ionic strength due to 
the interactions of temperature and pH, or due to a decrease in ion 
content in the tissues at lower temperatures (Prosser et al., 1970), 
could, therefore, result in changes in enzyme activity tn vtvo. For 
instance, a decrease in ionic strength of 0.01 M from 0.16 M to 0.15 M 
could increase G6PD activity by about 5% (Fig. 2). It is important to 
realize, however, that different enzymes are affected differently by pH, 
ionic strength, and specific ions, and under conditions that increase the 
activities of some enzymes, other enzyme activities may decrease 
Significantly. Thus, the usefulness of this type of modulation in rate- 
compensation may be limited (Hochachka and Somero, 1973). 

Substrate activation of G6PD by high concentrations of G6P (Fig. 
2, Appendix III) has been explained as negative cooperativity by some 
workers (Muto and Uritani, 1972; Engel and Ferdinand, 1973; Ringler and 
Hilf, 1974). Based upon the similarities between the activation data 
presented by Muto and Uritani (1972), Ringler and Hilf (1974), and Figure 
2 in Appendix III, this explanation may well be the correct one, although 
no further evidence of subunit interaction was found in Figure 2, 
Appendix III, such as the cooperativity found at low NADP* concentrations 
in text Figures 2A and 2B. Muto and Uritani (1972) have shown that high G6P 
concentrations can cause dissociation of G6PD into subunits, with con- 


comitant changes in both Km and Vmax. The magnitude of the effects 
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86 
decreased with increasing ionic strength. It is also possible that the 
substrate activation of G6PD may be explained by assuming that the higher 
concentrations of G6P are overcoming the competitive inhibition of G6PD 
by Mgtt (Cohen and Rosemeyer, 1969). It is probable that this is not the 
complete explanation, since the Vmax (y-intercept, Fig. 2, Appendix III) 
changes, and this would probably not occur if G6PD were competitively 
inhibited. It is possible that a combination of subunit interactions and/ 
or dissociations and ion inhibition may be involved. 

It is interesting to observe that, of the three G6PD enzymes 
examined, northern pike liver G6PD, with the lowest activity, the lowest 
Km(G6P), and most temperature insensitive apparent enzyme-substrate 
affinity at high to moderately low temperatures (22-5 C), was the only 
G6PD which consistently showed substrate activation. Since high 
concentrations (>0.2 mM) of G6P may be found in the cell (Appendix V), the 


substrate activation of G6PD can be potentially important tm vtvo. 
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APPENDIX II. A Comparison of the Single and Double Substrate Procedures 


for the Measurement of Pentose Phosphate Pathway Dehydrogenase Activity 


Several, slightly different assay procedures have been used for 
the measurement of the activity of pentose phosphate pathway 
dehydrogenases. The assay which directly measures the reduction of 
NADP* at 340 nm is essentially that of Glock and McLean (1953) and 
Kornberg and Horecker (1955), and has been used, with minor modifications, 
by nearly all later investigators. Glock and McLean (1953) used three 
different procedures to measure the activity of glucose-6-phosphate 
dehydrogenase. The single substrate procedure, in which glucose-6- 
phosphate (G6P) is the only substrate present when measuring G6PD 
activity, is used in the present study. Another procedure uses only 
G6P as the substrate, but a high concentration of 6-phosphogluconate 
dehydrogenase is added to completely convert the G6P to a pentose sugar. 
One-half of the activity is then due to G6PD. The third variation (the 
double substrate procedure), and one commonly used (Flatt, 1970; Robert 
and Gray, 1972a), involves adding equimolar amounts of G6P and 6PG in 
one cuvette, and only 6PG in a second cuvette. The activity of the 
latter is subtracted from the activity of the former to obtain G6PD 
activity. 

A comparison of the single and double substrate procedures 
indicated that the G6PD activity as estimated by the single substrate 
method was 7 to 46% greater than that obtained using the double substrate 
method (Table 1). However, with the exception of assays which last for 


considerable periods of time (for example, Michaelis and Szepesi, 1973), 
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APPENDIX II (Continued) 


Table 1. Some comparisons of the estimates of G6PD activity using the 
single and double substrate procedures of Glock and McLean 
(1953). Velocity is expressed as nmol NADPH produced/min/ 
gram wet weight of tissue. Equimolar concentrations (0.1 mM) 
of G6P and 6PG were used. 


G6PD activity 


Species and tissue Single substrate Doubie substrate 
(G6P) (G6P, 6PG) 
Carasstus, liver 4,100 8.135 
Esox, liver 530 386 
Catostomus, brain 424 290 


Catostomus, gill 617 579 
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89 
the amount of 6PG produced by the G6PD reaction in a 3 to 5 minute assay 
period is far too low to cause any appreciable error from 6PGD activity. 
Some simple calculations will illustrate this point. The greatest G6PD 
activity measured in this investigation was approximately 0.100 wumol NADPH 
produced per minute in the assay cuvette. (Normally the activity was 
less than 0.03 umol per min.) This corresponds to 0.300 wmol 6PG present 
in the cuvette at the end of a 3 minute assay. Activity of G6PD measured 
by Glock and McLean (1954) did not exceed 0.015 umol per minute or a 
total of 0.075 umol 6PG produced in a 5 minute assay. At either of these 
concentrations of substrate, the 6PGD reaction, tn vttro, was virtually 
inactive, since enzyme activity is, in simplest terms, dependent upon 
substrate concentration. The 6PGD reaction, as extrapolated from 
regression equations of substrate-dependent 6PGD activity (Appendix III) 
could not possibly account for more than 1 or 2% of the total activity 
measured. 

The reason for the sometimes large disagreement (Table 1) between 
the two procedures is not entirely clear, but it may be due to product 
inhibition of G6PD by the 6PG added in the double substrate procedure. 
This possibility has not, to my knowledge, been investigated, since it 
is not likely to occur in vivo (Greenbaum et al., 1971). 

From the above discussion (and Table 1) one can conclude that 
the use of the double substrate procedure of Glock and McLean (1953) 
probably underestimates G6PD activity, and, therefore, the simpler, 


single substrate procedure is likely to be the better one to use. 
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APPENDIX III. Double-Reciprocal Plots Showing the Effects of 
Different Substrate Concentrations and Assay Temperatures 


on the Activity of G6PD and 6PGD 
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APPENDIX III (Continued) 


Figure 1. Double-reciprocal plot showing the effect of different 
substrate (G6P) concentrations on the activity of white sucker 
(Catostomus) liver G6PD at different assay temperatures. 
Saturating concentrations of NADP+ were used. The data shown 
were obtained using the liver homogenate from winter caught 
fish, except for the assay at 0.0 C which used homogenate from 
May caught fish. Km and Vmax values are presented in text 
Tables 1 and 5, respectively. For each equation presented 
below, n= 1. 


Regression equations are: 


(Winter fish) 


(227,070G) 1/velocity = 0.6886 + 0.0858 (1/mM G6P) 
(W2207C) ra =e) 2 One 202m u ) 
(€ Ay 16) v =92094430--707221980 ) 
(25350) i =EGn 31 fate. 2c 50m i ) 
(May fish) 

G0205C) = 4.9239 470.4065 1 e ) 


(Summer fish) 


(232086) Ms = 0.6731 + 0.0836 ( " ) 
(i8e55C) W =e SO7 lets 2676 ) 
(35-7 -C) “ #23.07050710.22235 Ge ) 


Velocity x 10* = nmol NADPH produced/min/gram wet weight 
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APPENDIX III (Continued) 


Figure 2. 


Double-reciprocal plot showing the effect of different 
substrate (G6P) concentrations on the activity of northern 
pike (Esox) liver G6PD at different assay temperatures. The 
data shown were obtained using the liver homogenate from 
winter caught fish. Other details as in Figure l. 


Regression equations are: 
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APPENDIX III (Continued) 


Figure 3. 


Double-reciprocal plot showing the effect of different 
substrate (G6P) concentrations on the activity of goldfish 
(Carasstus) liver G6PD at different assay temperatures. 

The liver homogenate was from cold-acclimated fish. At 
each assay temperature, n= 1. Because of the quantitative 
variability among different goldfish homogenates (text 
Table 5), regression equations are not shown, and the 
velocity is expressed as A Absorbance/min/0.2 ml of a 3% 
homogenate. Other details as in Figure l. 


10°47 | G6P] (Mm) 


Pies 1G 


96 


i f = 
amp we) O0f ferert 
‘ i we Epes of galétiah! 
Ai Mies, Leinet Sows di vtOs "J a 
den moe (454, a2 : 
7 Ss. 3 7 quant s te ttve : 
erajkes: (tere 7 - 
win, -2¢ ee 
+s et of a TE. 


i - ro. 
7 -} 
= 
4 . 

4 . 

a 
' 

. f 
ae 
ee . 
ia 
o 


a * 


APPENDIX III (Continued) 


Figure 4. 


Double-reciprocal plot showing the effect of different 
substrate (6PG) concentrations on the activity of white sucker 
(Catostomus) liver 6PGD at different assay temperatures. 
Saturating concentrations of NADPt were used. The liver 
homogenate was from May caught fish. Km and Vmax values are 
presented in text Figure 4B and text Table 6, respectively. 
For each equation presented below, n=1. 
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APPENDIX III (Continued) 


Figure 5. Double-reciprocal plot showing the effect of different 
substrate (6PG) concentrations on the activity of northern 
pike (Fsox) liver 6PGD at different assay temperatures. 
The liver homogenate was from summer caught fish. Other 
details as in Figure 4. 


Regression equations are: 
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APPENDIX III (Continued) 


Figure 6. 


Double-reciprocal plot showing the effect of different 
substrate (6PG) concentrations on the activity of goldfish 
(Carassius) liver 6PGD at different assay temperatures. 
Saturating concentrations of NADPt were used. The liver 
homogenate was from warm-acclimated fish. At each assay 
temperature, n= 1. Because of the quantitative variability 
among different goldfish homogenates (text Table 6), 
regression equations are not shown, and the velocity is 
expressed as A Absorbance/min/0.2 ml of a 5% homogenate. 
Km and Vmax values for goldfish 6PGD from different 
homogenates are presented in text Tables 3 and 6, 
respectively. 
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APPENDIX IV. Inhibition of Glucose-6-Phosphate Dehydrogenase 


Of the potential physiological inhibitors examined (see below), 
the most potent inhibitor of G6PD was NADPH. The Ki(NADPH) values (text 
Table 2) were determined from Dixon plots (Figs. 1A, B, and 2) and are 
discussed in the text (Results, section C; Discussion, section C). 

It has been suggested that other organic molecules may control 
the G6PD reaction, particularly ATP (Avigad, 1968; Yoshida, 1973) and 
NADH (Sanwal, 1970). One would not expect inhibition of G6PD or 6PGD by 
ATP since the pentose phosphate pathway should be most active when 
cellular ATP concentrations are high and energy is being stored in the 
form of lipids. At low ATP concentrations (<0.4 mM), there was no 
Inhibition ofevoldtish tiver GoOPD) (fie. 93). Lt lappears,sin fact,ethat 
there may have been a slight activation. Hochachka et al. (1970) also 
found activation of pentose phosphate pathway activity by ATP at low 
concentrations (<0.5 mM) in the king crab (Faralithodes camtchatica) gill. 
There appears to be no other report of this in the literature. The 
concentration of ATP found in mammalian whole liver tissue preparations 
is at least 2 m™ (2 wmoles/gram wet weight, Greenbaum et al., 1971). At 
this concentration of ATP, goldfish liver G6PD was inhibited by only 10% 
(Fig. 3) and pentose phosphate pathway activity in the king crab gill 
by about 20%. Although the actual concentration of ATP in the cytoplasm 
is not known (Newsholme and Start, 1973), the relatively low tn vittro 
inhibition of goldfish liver G6PD by ATP concentrations found in whole 


tissue suggests that ATP is not a major regulator of G6PD activity in 


vtvo. 
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APPENDIX IV (Continued) 


Figure 1A (Upper). Dixon plots to determine the inhibitor constant, 
Ki(NADPH), for white sucker (Catostomus) liver G6PD. The 
horizontal lines intersect the y-axis (1/v axis) at 1/Vmax 
for the Km(NADPt) (text Fig. 2A) at their respective 
temperatures. G6P concentration was 0.2 mM; NADPt 
concentration was 0.05 mM. NADPH concentrations were varied. 
The regression equations are: 


(22.0 C) 1/v = 2.1960 + 0.2192 (mM NADPH x 102) 


(220° 6G) 1/v 


3.2869 + 0.2544 (mM NADPH x 102) 


Velocity = A Absorbance/min 


Figure 1B (Lower). Dixon plot to determine the inhibitor constant, 
Ki(NADPH), for northern pike (Hsox) liver G6PD, as described 
in Figure 1A. Km(NADPT) is shown in text Figure 2B. 

(22.0 C) 1/v = 3.9814 + 0.3364 (mM NADPH x 102) 
(2.0 C) 1/v = 10.2814 + 0.7415 (mM NADPH x 102) 


Velocity = A Absorbance/min 
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APPENDIX IV (Continued) 


Figure 2. Dixon plot to determine the inhibitor constant, Ki(NADPH), 
for goldfish (Carasstus) liver G6PD at 22.0 C. The NADPt 
concentration was 0.14 mM. NADPH concentrations were 
varied. 
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APPENDIX IV (Continued) 


Figure 3. The effect of ATP on goldfish (Carasstus) liver G6PD activity. 
The G6P concentration was 0.05 mM; NADPt+ was saturating; and 
the concentration of MgCl5 was 2.0 mM. The controd cuvette 
contained no ATP. The assay temperature was 22.3 C. 
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NADH regulates a number of reactions in the cell. Sanwal (1970) 
has shown that NADH is an allosteric regulator of #. coli G6PD and effects 
the binding of NADPt, and not G6P. In the present study (Table 1), NADH 
inhibited goldfish liver G6PD, but much less severely than in Sanwal's 
(1970) study, and at inhibitor concentrations (0.3 mM) higher than those 
found in the cell (on the basis of calculated NADt/NADH ratios from 
Krebs and Veech, 1969; Greenbaum et al., 1971). 

Citrate, even at high concentrations, did not inhibit or activate 
goldfish liver G6PD activity (Table 1), which is contrary to the 
inhibition of carbon flow through the king crab pentose phosphate path- 
way by citrate found by Hochachka et al. (1970). 

In the above inhibition studies, as elsewhere in this work, a 
number of different homogenates were used. Despite the quantitative 
variability of the homogenates (see text Table 8), it is assumed (due 
to identical Km(G6P) values for G6PD from warm- and cold-acclimated 
zoldfish, text Table 1, for example), that the enzymes from all homo- 
genates of a particular species and organ exhibit the same qualitative 
properties. Hence, it is assumed in this work that homogenates from 
different groups of fish may be used interchangeably when studying the 


qualitative properties of GO6FD. 
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APPENDIX IV (Continued) 


Table 1. The effect of citrate and NADH on goldfish (Carasstus) liver 
G6PD activity. Final concentrations in the assay medium are 
shown. The G6P concentration was 0.2 mM; NADPt was 
Saturating. The assay temperature was 22 C. 


Concentration (mM) % Relative activity 
Citrate 0.0 100 
" Ont 100 
ee 1530 100 
NADH 0.0 100 
He 0.2 86 
" a2 70 
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APPENDIX V 


Measurements of tn vivo G6P and 6PG concentrations. When the 
intracellular water content, and the extracellular volume of 

a tissue are considered, the actual tn vtvo intracellular 
substrate concentrations can be calculated, and are generally 
more than double the concentrations given below (Newsholme and 
Start, p. 31, 1973). Therefore, the values given below should 
be considered, at best, only minimum estimates of tn vtvo 
intracellular G6éP and 6PG concentrations. 


Concentration 
Animal and nmoles/gram 
tissue Substrate (wet weight) Conditions Reference 
Goldfish muscle G6P 202 cold-acclimated Lr 
837 warm-acclimated 
Blowfly flight 
muscle 
(Phormia regtna) G6P iyls -- 2 
Rat liver G6P 27 control 3 
6PG 14 HL 
G6P 86 starved 3 
6PG 14 a“ 
G6P 120 lipogenic 3 
6PG 56 ct 
Rat liver G6P 169 starved 4 
6PG 31 . 
G6P 187 lipogenic 4 
6PG 44 ! 
Rat liver 6PG Ld -— 5 
References: 
vi Freed (1971). 
2 Sacktor and Wormser-Shavit (1966). 
3 Greenbaum et al. (1971). 
4. Sapag-Hagar et al. (1973). 
5 Arese (1964). 
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APPENDIX VI. Lipid and Glycogen 


A. Materials and Methods 


i. Lipid determinations. Samples of liver and muscle from gold- 


fish and suckers, as well as whole goldfish, were cut up into small 
pieces and lyophilized. When dry, the samples were ground with a mortar 
and pestle, and either analysed directly, or, in the case of whole gold- 
fish, ground to 20-mesh size in a Wiley Mill (A. H. Thomas Co., Phila.). 
Later in the study, a Krups KM 75 electric coffee mill (Krups, West 
Germany) was used for homogenizing chunks of the lyophilized tissue. 
With this equipment, the degree of homogenization was roughly equivalent 
to that from the Wiley Mill, but the recovery of material was greater and 
the time required per sample was considerably less. Total lipid in 
0.1-0.7 g portions of the dried, homogenized tissue was determined 
gravimetrically after extraction for five hours with chloroform:methanol 
(2:1) in a Soxhlet extraction apparatus, followed by an aqueous calcium 
chloride (0.05%) wash of the extract, as described by Folch et al. (1957). 
Duplicate samples were used in the analysis of goldfish tissue, but only 
single determinations were made in the analysis of sucker tissue. 

| Preliminary tests and development of optimal procedures for the 


chloroform:methanol extraction in this laboratory are described by 


Medford (1976). 


ii. Glycogen determinations. Cold- and warm-acclimated goldfish 


—_———— 


were taken from their tanks, and liver and muscle samples were removed 


within one minute. The samples were placed in liquid nitrogen (-196 C) 
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within two minutes of the animals' removal from the water, and stored in 
the liquid nitrogen or on dry ice (-76 C) until analysed. 

The procedure used to determine glycogen was essentially the 
microdetermination of Seifer et al. (1949) with some of the modifications 
of van Handel (1965). 

Tissues were minced and 50 to 300 mg samples were boiled in 1 ml 
of"307% KOH for 20 minutes. ‘Saturated ‘sodium sulfate (0.05 mL)°and 957 
ethanol (0.5 ml) were then added to duplicate 0.4 ml aliquots of the 
extract, which were then gently reheated, cooled, and the precipitate 
spun down (3,000 x g at 0 C for 45 minutes in a RC~-2 refrigerated 
centrifuge). The tubes were then drained and the precipitate (glycogen) 
resuspended in 5 ml of water. Proper dilutions were made, anthrone 
reagent (0.2% anthrone in 95% sulfuric acid) added, and the color allowed 
to develop for 15 minutes in an 85 C water bath. The tubes were cooled 
and the absorbance was measured at 620 nm 22 to 25 minutes after the 
addition of anthrone. No change in color occurred between 20 and 30 
minutes after anthrone was added. 

Each day tissues were analysed, duplicate standard glucose 
solutions were analysed in the same manner. Linearity was observed 
between glucose concentrations of 10 to 75 yg/liter. Glycogen-glucose 
values were calculated from the equation obtained by least squares linear 
regression of the standard glucose solution values. No standard curve 
had a correlation coefficient of less than 0.9995. 

Glycogen analysis of sucker and pike tissues was not attempted 
because of the erroneous values one would obtain due to the glycogenolysis 
and glycolysis which would occur as the fish struggled in the net and 


were transported back to the laboratory (Manohar, 1970). 
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B. Results and Discussion 

There was no significant difference (p > 0.1) in the whole-fish 
lipid content of cold- and warm-acclimated goldfish (Table 1). Both 
groups were taken from the same shipment of fish. One group was kept at 
room temperature, while the other group was cold-acclimated (2 C) (and 
fed) for two months (see protocol in Materials and Methods). Because of 
the significant positive correlation (0.65, personal observation) 
between length (presumably weight as well) and lipid content, the cold- 
and warm-acclimated groups were carefully chosen to be virtually identical 
in length, total weight, and weight/length ratio. 

Unlike whole-fish lipid, glycogen content in goldfish muscle 
tissue showed a significant (p < 0.001) increase in cold-acclimated fish 
(Table 1). No acclimation-dependent comparisons of liver glycogen 
content were made in this work. The liver glycogen content found in 
goldfish (Table 1) was similar to that found by Johnston and Goldspink 
(1973) in the liver of crucian carp. 

The liver of summer-caught suckers contains about four times more 
lipid than the muscle tissue (Table 1), when expressed as percentage 
composition. The muscle tissue, however, comprises perhaps 45-50% of 
the body weight (personal observation), while the liver is approximately 
2% of the total body weight (personal observation). A comparison of the 
estimated total amounts of lipid each tissue contained is shown in Table 


2, along with data on northern pike from Medford (1976). 
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APPENDIX VI (Continued) 


Table 1. Lipid and glycogen content of some tissues from suckers 
(Catostomus) and goldfish (Carasstus); mean + SEM (n). 
Student's t-test for unpaired samples was used to determine 
whether the differences between groups were significant 
(pe< 0205)% 


Acclimation or 


Species season Tissue Lipid! Glycogen? 
Carasstus cold-acclimated whole fish 24.5£2.6 (14) 2 ----- 
us warm-acclimated whole fish 21.04#2.4 (16)~© = 2 8 ----- 
Catostomus summer (July, liver 24.542.4 (6) 9 =---= 
Aug.) 
Catostomus summer (July, muscle 6-170.4 (9) = 2 2 -—-=— 
Aug.) 
Carasstus cold-acclimated liver =  ----- 22 07718 58 et) 
: b 
Carasstus cold-acclimated muscle ~---- 0.6040.05(12), 
iM warm-acclimated muscle  ----- 0.1840.01 (6) 


1% dry weight. 
2% wet weight. 
“Not Sienisicentep --sUcl. 
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APPENDIX VI (Continued) 


Table 2. 


Estimates of the total lipid content of the liver and muscle 
of white suckers (Catostomus) and northern pike (Esox). 

White sucker values are from Table 1. Northern pike values 
are recalculated from the lipid contents found by Medford 
(1976). The liver weight is approximately 2% of the total 
body weight, and the muscle is about 45 to 50%'of the total 
body weight (personal observations). It is likely that the 
total lipid content of the body will be somewhat greater than 
double the total lipid for liver and muscle alone, since other 
tissues, such as the brain and gonads, probably contain 
considerable amounts of lipid. 
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LIVER 2 wee wt BO me 7.2 3m 
total mg 1,200 910 813 


MUSCLE Z% wet wt 3 --- 0.63 Oe 2 
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(450 g) 


TOTAL (Liver, muscle) 7,050 --- Sheth h) 4,050 
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APPENDIX VII. Experimental Protocol, Calculation of Activity, Km, 


and Vmax. 


Enzyme activity in the homogenate was assayed by recording the 
reduction of NADP*t as shown by the increase in absorbance at 340 nm. 
The actual spectrophotometer readings during several assays are shown 
in Figure 1. The procedure routinely followed was to add NADPT last 
to the assay mixture in. the cuvette, then record the increase in 
absorbance (Assay A, Fig. 1). A constant rate of increase in absor- 
bance was measured for a minimum of two minutes (usually 3 to 5 minutes), 
and this was considered to be the initial velocity, expressed as A 
absorbance per minute. The increase in absorbance with time was 
proportional to the concentration of tissue homogenate (Fig. 2) and, 
presumably, to the enzyme concentration. Generaliy, homogenates from 
only one group of fish were tested for proportionality of activity for 
each species and enzyme, and usually only over a two-fold concentration 
range. 

The homogenate used in the assays contained not only enzymes 
found in the cytoplasm of the cell, but also enzymes from cell organ- 
elles which were lysed during the homogenization procedure (see 
Materials and Methods). However, in the present study no data are 
available, for instance, on the possible denaturation and consequent 
lowered activity of the dehydrogenases due to catheptic enzymes from 
ruptured lysosomes, or on possible pH changes which might cause precipi- 
tation of enzyme proteins during homogenization or storage. However, 


homogenates were normally used within one month of preparation, and no 
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APPENDIX VII (Continued) 


Figure 1. 


Time courses of typical dehydrogenase assays. The liver 
homogenates in Assays A, B, D were from summer-caught 
northern pike (Hsox luctus). Assays A and B are from the 
same homogenate. In Assay C, the liver homogenate was 
from warm-acclimated goldfish (Carasstus auratus) and was 
freshly prepared, not previously frozen as were the pike 
homogenates. Assay temperature was 22 C. All concen- 
trations given below are final concentrations in the 
assay mixture. For additional components of the assay 
mixture, see Materials and Methods. Each assay represents 
raw data from a single determination. 


Assay A (G6PD). Assay mixture contained 0.2 ml of 20% 
liver homogenate; 0.1 mM G6P; and 0.4 mM NADPt. The 
NADP? was added last (arrow at O time). A absorbance = 
0.043/minute. 


Assay B (G6PD). Assay mixture contained 0.1 ml of 20% 
liver homogenate; 0.4 mM NADPT; and 0.1 mM G6P. The 


GOP was added last (arrow between 3 and 4 minutes). 
A absorbance = 0.022/minute. 


Assay C (€PGD). Assay mixture contained 0.025 ml of 20% 
goldfish liver homogenate; 0.3 mM NADPT; and 0.1 mM 6PG. 
The 6PG was added last (arrow between 4 and 5 minutes). 
A absorbance = 0.050/minute. « 


Assay D Cuvette contained 0.2 ml of 25% liver homogenate; 
0.2 mM G6P; and ©.95 mM NADPH. This cuvette was used as 
a "blank" (during inhibition studies, Appendix IV), and 
so NADPt was not added. Absorbance decreased by less 
than 0.002/minute. 
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APPENDIX VII (Continued) 


Figure 2. The effect of different homogenate concentrations on pike 
(Esox luctus) liver G6PD and 6PGD activity. The G6PD 
assay mixture contained (final conc.) 0.5 mM G6P and 0.4 mM 
NADPT (added last). The 6PGD assay mixture contained 
(final conc.) 0.5 mM 6PG and 0.3 mM NADP* (added last). 
The same homogenate (0.2 ml, properly diluted), was used 
for both G6PD and 6PGD assays. Livers from winter-caught 
fish were the source of the homogenate. Assay tempera- 
ture was 22 C. Each point represents 2 single determine- 
tion. 
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1:23 
detectable loss of activity occurred during this period of storage. Over 
one year, approximately 15-25% of the glucose-6~-phosphate dehydrogenase 
activity was lost from the frozen liver homogenates of suckers and pike. 
In addition, the possibility existed that enzymes such as the various 
reductases (glutathione reductase, NADPH-cytochrome @ reductase) or 
NADPH oxidase might be present and utilize the reduced NADP as it was 
produced, thus resulting in an underestimation of the activity of the 
particular dehydrogenase under investigation. Alternatively, the pres- 
ence of an active transhydrogenase or of activity due to endcgenous sub- 
strate from the various cytoplasmic dehydrogenases not investigated in 
a particular assay, might increase the production of NADPH and result in 
an overestimation of activity for the enzyme studied in that assay (a 
special case, the interference of 6PGD with the G6PD assay, is discussed 
in Appendix II). Assay B, Fig. 1 shows that activity of NADPt reducing 
enzymes other than the one assayed was negligible, since no increase in 
absorbance occurred when NADPt was incubated with homogenst; when sub- 
strate (G6P in Assay B, Fig. 1) was added, however, a linear increase 
in absorbance occurred. In most assays of enzyme activity (Assays A, B, 
D, Fig. 1), homogenates were used which had been previously frozen. When 
homogenate which was freshly prepared (Assay C, Fig. 1) was assayed, hew- 
ever, some NADP* reduction (A absorbance) occurred prior to addition of 
substrate. This reduction was allowed to proceed until a negligible rate 
was recorded, usually within 3 to 5 minutes, then the assay was started 
by the addition of substrate (6PG in Assay C). Thus, it appears (from 
Assays B and C) that overestimation of activity, due to reduction of NADPt 


by enzymes other than the one assayed, did not occur. Incubation of 
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NADPH with concentrated homogenate (Assay D, Fig. 1) did not result in 
more than a negligible decrease in absorbance, indicating that reactions 
oxidizing NADPH were not active in the homogenate, and hence, did not 
interfere with ‘the assay. 

The activity of an enzyme at a particular substrate or coenzyme 
concentration was calculated from readings such as those shown in Figure l. 
The change in absorbance per minute was converted tc nmoles NADPH pre- 
duced per minute from the equation c = A/e&, (p. 628, Dawson et al., 1969) 


where: 

= concentration of product (moles/iiter) 
absorbance 

extinction coefficient, 6.22 x 10° liter/mole/cm 
= path length of cuvette, 1 cm. 
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The results were corrected for the three ml voiume of the assay mixture 
and then for either the dilution or protein content of the homogenare. 
The a:tivity was expressed as nmoles NADPH produced per minute ver grem 
‘f{. tissue or per mg protein. 

Tae Km and Vmax values were found by conducting assays at 6 to 10 
different substrate (or coenzyme) concentrations (Assay A, Fig. 1, shows 
one substrate concentration). The velocity (A absorbance/min or nmoies 
NADPH/min) of each assay was plotted as a reciprocal, against the recipro- 
cal of the substrate concentration (Appendix III). The reciprcecal veloc- 
ity and substrate concentra’ions were entered into a least squares linear 
regression program for an Olivetti Programma 101 desk computer. Cozre- 
lation coefficients for the regression equations obtained were generally 
higner than 0.995, and none were under 0.990. This program provided the 
y-intercept and slope of the line. The y-intercept equaled 1/Vmax, and 


the Km was found by the equation Km = Vmax x slope (p. 68, Dixon and Webb, 


1964). 
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